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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



A. Introduction

In contrast to the conventional electron microscopé, the scanning
electron microscope's utility does not generally lie in the area of '
ultra high resolution. Rather, it is the process of information transfer
which is particularly aided by the séanning microscope. |

This paper will attempt to describe somerf the techniques of scan-~
ning electron microscopy (SEM) that have utilized this information trans—v
fer gapability in biqmedibal research. The references are examples from
the literature whiéh happen to be familiar and significant to the author
ratﬁef'than a compiéte listing of the biological applications. For a moré
extensive bibliography of tﬂe SEM,_thelreaderlis referred to the excellent
publicatiéns of WELLS (1967, 1968, 1969, 1970, 1971) or CARR'. (1971) . |

While the conventional electron microscope has extended our resolu-

. tion very significantly, there are limitations on its ability to transfer

chemical information and three dimensional images of complete biological
. Vd

.units. The scanning electron microscope, .although generally possessing

lower resolving power than the conventional electron microscope, can help
to fill some of these information gaps.

I. Genéral E&inciples-of Bperation

The scanning electron microscope departs from the fraditional spatial -

- focusing method of image formation. Most images (1ight microscope, conven-

tionalveleCtron microscope,vtelescope, eyeglasses, human eye) are formed
by focusing radiation after it has left the specimen in such a way agﬁ
to produée the necessary one—to-one-correspondéncé between points on the

speciﬁen and points on the image. The scahning electron microscope_utilizes

instead & technique of painting the image through & time sequence of pbints,



' a technique similar to that used in television imaging (OATLEY:;; et al., 1965).

The light microscope and the conventionai electron microscope are re-
lated by the basic similarity of their imaging forming process. Many is-
teresting points can illustrate the development of the conventional elec-
tron microscope as an extension of light microscope theory (COSSLETT, 1966).
The SEM, however, is morexrelated to the electron ﬁicroprobe-or to television
imaging where all fecusing takes7place prior to iﬁteraetion with the speci-
men and the .image points are-addressed in time.

The twe Basicaliy.different metheds of imaging have been disﬂinguished
in the two instruments which’produce pictures at aAgreat distence. One long
distance 1mag1ng instrument is a telescope and the other is television. It

mlght be -useful to also make’ thls distinction in the 1mag1ng of small

_ objecfs by referring to the light and conventional electron instruments as

microscopes and to the SEM as microvision (HAYES, l971a).
The SEM might be described as consisting of two systems: the probing
system into which the specimen is placed and the display system which forms

Sk,
the visual image (EVERHART & HAYES, 1972) In the probing system, elec-

trons leave a hot fllament or other source.and are. focused by means of

electron lenses to a very fine p01nt on the surface of the specimen. As 
the electrons inferact with the'material of the specimen at this point,

they induce a variety of radiation such as characteristic X—rays; infra-

.red, visible light, and streams of electrons.

.These radiations leaving the surface:of the specimen in a varieﬁy of
directioﬁs can be counted and the measure of the number of photons o:,eleo-;
trons‘of'a specific type would reflect a peiticu;er quality ofAthe speci-
men is terms of our knowiedge of tﬁe production ef that tjpe.of radiation

by the primary bombarding electron beam. The direction in which a particular
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radiation leaves is immaterial as long'as that radiation is counted.

The measure of the amount §f radiation leaving a point on @he specimen
at any instant can be used to modulate the brightness 6f the beam of the
display cathode ray tube as it rests at the corresponding point on the
image forming screen of this display tube. When the radiation from the
poinf on the specimen ié high, the point on .the cathode ray tube would be
bright. |

If the probing beam is now moved to an‘adjacent spot on the specimen,
infqrmation ffom that point can 5e used to modulate the.adjoiningjpoint on
the displéy cathode ray tube. In a similar fashion, a third and fourth
poiﬂt can be added in éequence until all points of the specimen have been‘
coveréd in-a regﬁlar'array. The one-to-one correspondence necessary for the
formation of an.image occurs becaﬁse of the single position Of the pfobing
beam  corresponding to a sipgle position of the-display cathode ray tube
beam at eéch_instanf in time.

" In pfactice, fhe points foilow one another with great rapidity so that
the image of eaphApoint feéomes an image of a.line,énd the line, in tﬁrn,
can mﬁve down the screen so rapidly that, fo'thé eye, a complete image is
formed. Suchva process of the rapid sweep of-aﬁ electron beam té produce
a complete'pictﬁre is familiar to us iﬁ television imaging.

If it is neéessary to build up & better statistical sample of each

'point,(EVERHART, 1970), a slower scan rate is selected and photographic

film can be used to record each point and to integrate the entire picture
over a longer period of time than can ve integrated in a flicker-fré5‘
fashion by the brain. Thus either through the direct visualization of a

rapidly moving spot or by the collection over & -long period of time of



many spots on photographic film, the end effect is an integrated picture
of the specimen being studied.
In the familiar lens imaging system found, (e.g. light microscope,

conventional EM), or in the mirror electron microscope (BOK@ et al., 1971),

the information signal leaving the specimeh ie a vector quantity containing -
directional (localization) as well as amplitude and phase (information) com-

ponents. In the scanning‘system, the informatﬁon signal is a scaler quantity.
i

“A11 localization is a function of time and onl& the amplitude component is'
]
i

contained in the video signal. At each instant the scanning system needs

i

only to measure the number of photons or electrens leaving the spot on the
\

sample. It does not need to determine their direction.

The radiation leaving a single spot on the %pecimen at any instant is
eollected and then this signal is amplified end ;%ed to modulate the bright-
" ness of the cathode ray tube at that instant. Théfe can be a complete sep-
aration in kind between tﬁe radiation used as ehe ﬁrobing beam and the radi-

'

ation that is collected ana counted as the informafional signal.

The two electron beams, one sweeplng over the specimen, and the other
sweeplng over the face of the dlsplay cathode ray tube are in synchrony
| They start at the tqp of their sweeps at the same instant, sweep through
the -same number of lines and end up at the bottom of their arrays at the
same instant. (HAYES, 1970&).

While the two beams sweep in synchrony over the same number of‘Izies;w “
the area of the array of lines (or raster) is not the same size on the
specimeﬁ and on the face of the display cathode ray tube. In fect, the
magnificatibn of the scanning electroﬁ microscope is produced by having

the display raster very much larger than the size of the synchronoue raster

- sweeping the specimen. Magnification is defined as the ratio of the linear
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size of the display raster'to the size of the specimen raster. If, for
example, the beam probipg the specimén describes an array of lines one
millimeter by one millimeter, and this information is related to points on
the display cathode ray tube occupyingAa raster of ten centimeters by ten

centimeters, the magnification of the system would be one hundred times.

The useful range of magnification is dictated by the resolving power of

- the instrument (upper limit) and by the lens aesign.and placement of the

|
" specimen (lower limit). The usual range of operation in scanning electron

‘ : \ _
microscopy is of the order of ten times at thq low end to fifty thousand

1

times at the upper end. The range of magnification available to the scan-

1

ning instrument puts it in a position between ﬁhe light microscope and ﬁhe

conventional electron microscope, and in fact;’fhe scanning instrument can
act as a bridge between the other two. \
II. A €omparison of Q§§9lu§;9p :

i

1

. \ A

The resolution of a scanning electron microstope varies widely depend-

ing on the particuiar radiation being used -as thefinformation signal. The

most commohly'used signal is éeéondary electrons %hiéh produces the familiar
three dimensiénal.tépographic imagé. Operating {n'this mode,'currently
available'SEMs'offer.a'resolution of about one hﬁndred angstroms.

| If transmitted electrons are utilized as the signal, resolutions bhelow
5 _Z havve>be'en‘ac-:hieved‘ (CREWE,S et al., 1970y; {CREWE, 1971). If cathodolum-
:ineécence'(yisible'light produced by electron bompardmgnt) is usediéﬁggpgm_’

[s 0N CL

information signél, resolution mayAbe<no better than 1000 X (PEASE & HAYES,
.1966,3,1%7) | |

.Oftén thé kihd 6f information required in thg'image dictates theAmode
of:opération and thus the available resolution. If, for example, the image
must display the three dimensional relationship 6f a bulk specimen, the

-ultré—thin sections required for high resolution transmission scanning



are prohibited.. Or again, if the biochemical information of cathodo-

luminescence is needed, the somewhat higher resolution secondary electron

_image will not do.- The type of information required in the image may take

precedence ovér resolution and resolution as an end in itself becbmes less
important (HAYES, 1971%).

However, in any mode of oéeration the highest resolution is-always
sought (NIXON, 1968), and a consideration of some of the factors effecting

resolution might be useful. The conventional electron microscope can achieve -

‘resolutions well below 5 £. 1n spite of this remarkable achievement, it

tages only a simplé calculation to show that even whén operated With-this
high degree of precision, fhe conventionél electron microscope is utilizing
only a small part of the resolution that is available based on the wave-
length of the electrons alone.

The main factor which limits the resolving power of the conventional

- electron microscopes_is not the wavelength-sensitive defraction, but rather

sﬁherical aberration of the electron lens (COSSLETT, 1966). 1In his elegant
treatment of the factors effectiﬁg resolution in the conventional electron
microscope, Zeitler-has cpnsidefed factoré which range frbm,the design
paraméters 6f the instrument itself to the phyéiélogical and psychological

sepects of human vision (ZEITLFR, 1969). It is pointed out that the con-

ventional electron microscope‘today operates at a resolution limit in the

10 & range and thét the goal of research is pushing thﬁs'reSOlutioﬁ towards
a lVR atomic resolving power.

The scanning electroﬁ microscope, when utilizing its most ¢ommon
hode-of signal collection, can exhibit, at bestj’an order of magnitude
less in resolving power, (100 R). In a particular mode of operation,

(scenning transmission electron microscopy), the SEM can, in fact, achieve
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high resolution (CREWE, 1971) equal to that of the conventional electron
microscope, but for the general operating conditions, the SEM ranks con-
siderably lower in resolution than the conventiondl electron microscope.
, The factors which,control the resolution of the SEM in‘its most com-
monly used mode of secondary electron signal caﬁ be grouped intovthose

factors associated with: (1) the limitations of a demagnified electron

% :
-beam,,(é) the limitations imposed by the interaction volume generated when

the probing electron beam strikes the specimen, and;(3) the limitations

which are connected to design parameters dictated by the specimen conditions
v 3

3 ¢ ~ 2 PR Ll
necessary for signal extraction (EVERHART,/ et al., 1959) :(OATLEY,” et al.};h’J,'
i {

1968) (THORNTON, P. R., 1968,)?} (2]‘3ROERS', 1970) .

Using general optical principles, Langmuir, in a classic paper, showed

" that the current denéity in a focused beam of electrons has an upper limit

(LANGMUIR, 1937). If we express this maximum current density obtainable in
terms of a minimum diameter of the probing beam of e;ectrons even in a sys-
tem free of aberrations, we would have a minimum diameter of the spot as
expréssed in equatidﬁ number 1.

L2 Mmoo Ean (1)

° 0.6 rtha2 eV #

In this équation, do is the Gaussian probe diameter, Jc is the emission cur-
‘fent\density at the cathode, e‘is the electronic charge, eV is the electron
energy, i is the probe current, & is the semiangle of convergence of the
electron proBe, k is Boltzmann'é constant, T is the absolute temperature‘of
ﬁhe cathode. s
| In éddition to this minimum diameter imposedﬁby the basic electron
optical considerations, there are also lens aberrations of the type found

in the conventional electron microscope. ' These generally are listed under

~sphérical aberration, chromatic aberration and astigmatism. ‘There is also



a.defraction limiting term involved in the determination of the final
minimum diameter available. If we describe the diameter of a disk of
confusion associated with eacﬁ of these aberrations or limitations, we fiﬁd
that they are functions of the semiangle of convergence O, the wavelength

. of the electrons used A, and the fractional energy spread of the beam $V .

These relationships can be expressed in the following equations (OATLEY,&

_' et al., 1965):

_ 1 3
d, =3Cc 0 . _ Eq. (2a)
s . AY | |
d, =C, ——o . | Ber (2b)
‘ 1.22) :
4, = —==— Egv (2¢)

In equation 2, dS, dc, and d_, are the diameters of the least disk of confu-

f
sion associated with spherical aberration, chromatic aberration and diffrac-
tion limits and CS aﬁd Cc are the spherical aberration.and chromatic aber-
ration coeffiéients. Both Cs and(,CC for magnetic objective lenses, have
.values cémpargble with their focal length. Astigmatism is a correctable
aberration and will be treated in considerable detail in the . section deéling
- with instrument operation.

| -Iﬁ order to find the total pfobe diameter d; arising from the basic
electron optical considerétions expressed in equation i and froﬁ spherical
aberration, chrématic aberration and diffraction as expressed in equation

2, the usual procedure (OATLEY/xet al.,il965) is to add the.respective

diameters in quadrature:

d2 =d 2 + d 2 + d 2 + d 2
o s c £ ,
| e (3) -
: 2
. Sy < R AL 2(A——Vi<f .
0.677 X eV a s c\V



- Utilizing the above equation with certain reasonable assumptions, we
~can find an optimum value for Q, and from this determine the resolving power

for the conventional electron microscope as compared with the scanning elec-
\J‘\b\

tron microscope operated in the secondary electron signal mode (HAYES & PEASE,

1968). Such & calculation as carried out by Pease and others indicates that
. w%‘! e .
o

the resolution, gg of the conventional electron microscope lies below 10 A,

but for the scanning electron microscope, chromaticraberration is appreciable

and a current of lO-lz-amp. (about the minimuﬁ required for scanning micro-

\
©

scopy) can be focused into a spot no smaller than 100 A in diameter utilizing
NEWY \

conventlonal sources (PEASE & NIXON, 1965) Agpart of the difference between

the two instruments can be attributed to a higHer spherical aberration coefficient
‘ L [

“and a lower‘operating voltage connected with the operation of & scanning elec-

tron microscope as compared to the conventional dnstrument. The higher

}

. -
spherical aberration coefficient results from thé need to collect the low

energy secondary electrons whlch emerge from the épec1men surface. Such
: Ve

collection can only take place in field-free space,and requires, therefore,

- that the focal‘length of the-scanning electron microscope final lens is

considerably longer than the ‘lenses associated with the objective lens of a con-

.ventional electron microscope (about 1 centimeter’in the SEM compared to 2 milli-
o meters for a CEM) The larger spherical aberration and chromatlc aberration
anck

coefficients llmlt the spot diameter (PEASE,& NIXON, 1965).

The lower SEM'accelerating.voltage vV, is suggested by considering the

...‘;'__‘—_u~ -

1nteract10n volume that occurs when the electron beam strlkes the speclmen.
If the signal being utilized in the scanning electron microscope actually
originates from all parts of this interaction volume, it is the.diameter
of this pear-shaped interaction zone that determines the resolution of the

‘instrument rather than the diameter of the incident electron beams.. In the
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cdmmonly used secondary electron signal mode of operation, the very soft

secondary electrons are collected only from the volume very close to the

- surface and very near to the axis of the incident electron beam. This

in spite of the fact that the incident beam can penetrate on the order of

microns into the specimen, producing secondary electrons throughout this

‘rather large volume. Due to their very low energy, the secondary electrons

can only escape to be collected when they lie near the surface. This re-
' °
sults in an effective collection diameter of about 100 A for the secondary

electron mode. If characteristic X-rays or visible light were being counted

‘as the video information signal, the effective collection diameter would be

conéiderably larger. Even in the case of secondary electrons, it is advan-

tageous to limit the penetration of the electron beam by reducing the

:accelerating-voltage.

y/i/ The resolution of the SEM is determined by the probe diameter and by

”Vthe factors related to the interaction between the probing electrons and the

specimen. The relationship between resolution and contrast in terms of the

, important concept.of signal to noise ratio}has been presented in several of

~

the papers by Everhart-and collaborators (EVERHART; et al., 1959). (EVERHART, -
) ‘ . y
1968)? éVERHART, .1970).
, Utilizing what might be considered a standard scanning electron micro-

scope (tungsten hairpin cathode, conventional oil diffusion pump vacuum

-system, and secondary electron informaﬁion signal), Pease was able to ob-

‘tain resolution cbmparable to the theoretical 1imit placed on electron probe

size and current as determined by the aberrations of the.lens, electfcn noise

and contrast levels (PEASE & NIXON, 1965).  The electron probe size achieved
' . ° . ) !
was approximately 50 A and a resolution in secondary electron mode of 100

o

- A was demonstratéd._



If we refer.to equation l,-it is clear that advances in resolution
could be achieved by utilizing & high intensity source in the electron gun.
If the current density ét the cathode can be increased, a smaller probe
diameter with sufficient intensity to produce a picture in a reasonable
time would be possible. A new high resolution design utilizing & lanthinum
hexaboride cathode was presented by Broers in 1969. In addition to the
high intensity gun, the effects of vibration, stray field and specimen con-

tamination were reduced. Utilizing this specially designed instrument,

'.Broers vas able to demonstrate a minimum probe diameter of approximately

'30 X and a point-to-point resolution of approximately 50 X in the secondary

electron mode (BROERS, 1969).

The approach of Albert Crewe's group %n Chicago has been directed
towardé high intensity guns coup}ed wii;v;<;l;h vacuun system and the pos-
sibility of multipolar lenses; a combination that might be capable of
resolving individual atoms (CREWE, 1966). The success of this program to

date has been quite spectacular and, utilizing transmitted electrons as the

information signal, Crewe has reported the visualization of individual
b

-uranium atoms (CREWE,® et al., 1970).

The SEM operated in the transmission scannihglmode has been analyzed
by applying the reciprocity theorem of optics, with.the conclusion that this'
mode is capable of producing the same contrast mechanism effects as the
conventional elgctron microscope (ZEITLER, l9719; (éREWE, 1971). This work
pointed oﬁt some ﬁnique advantages of scanning transmission electron micro-

scopy as compared to the conventional electron microscope; notably in“the - -
method - :

axsn. of information presentation and the improvement of signal to noise ratio.

Since the information is presented sequentially as an electronic signal,

processing of the information is made considerably easier and because the
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scanning transmission electron microscope can utilize ail eléctrohs inter-
acting.with the:specimén rather than being restricted to elastically scattered
electrons as is.the usual case of thé conventional electron microscope, we
have an improfement possible in the signal to noise ratio.

‘ Certéin restrictioﬁs are also associated with scanning electron micro-
scopy operéted in the transmission mode. Since the signai being utilized
cdnsistS'of electrons transmitted through the specimen, the thickness of
the specimen is feduéedlfo the dimension familiar in conventional4electron mi-
Croscopy. Thus some of‘the depth.information that can be vaiuable when
studying a bulk specimen is not available in the scanning transmission mode.
Also, the highbintensity guns, in general, require.considerably better
vaéuﬁm gonditions than the conventional hairpin filament. Thesé conditions
while improving specimen contamination, can also contribute to delays and‘
inconvenience in specimen exchange and place restrictions bn specimen out-
gassing. | | |

~

. The SEM_as operated in its most general form (PEASE, 1971), curréntly has

& usable resolution of approximately 1 order of magnitude'lesé thaﬁ a con-

ventional electron microscope. ‘There is available, however, the scanning

' g X Q
transmission mode (CREWE, l971%‘(KIMOTOf\et al., 1969) which allows reso-

Alutions'comparable'tb that of the conventional electron microscope to be

obtained with certain restrictions as to the type of specimen and the oper-

’lating coﬁditions~that must be used.

III. Comparison of Information fransfer.

In comparing theAinformation available with scanning electron micro- -

scopy, we will find that while the SEM has a lowef’resolving power, it can

. o ) . ) _ G
offer some additional modes of information transfer (HAYES/& PEASE, 1969).

Such information can be described as analytic and as subjective, or ekperiential.
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1. Analytic Information

When the probing electron beam interacts with the material of the
specimen, severeal types of radiation are produced and, in addition, alter-
ations in the electrical propertiés of the specimen occur. Any of these
radiations or alterations, if they occur esseﬁtially instantaneously, can
be utilized to modulate the display cathode ray tube and thus paint out
a8 picture of the specimen. FEach of these pictéres will contain information

. l
.that is related to the way in which the secondéFy radiation has been pro-
duced. Among the radiations which have been utglized as a video signal are:

@\\LL

visible llght (PEASE & HAYES, 1966 ) (PEASE ,& HAYES 1967) AMANGER K3 BESSIS
1970) (KRINSLEYLEA%\YDE 1971Y(REM0ND, et al., 1970)( ('MUIR, et al., 1971),
characteristic X-rays (RUSS, 1971,) ATOUSIMIS, 1969) {JOHART, 197J_b/r (MUIR 4
et al., 1971);-1nduced specimen current (EVERHART; et al., 19643 {EVERHART,
 1966) and backscattered electrons in addition to t%e most commonly used
signal, the low energy or'secondary electron radiaéion.

The:SEM, by utilizing'these diverse radiatioqé, can form images which
identify chemiéai bonds, eleméntél,composition, e#ectrical properties, and
topography of the specimens. Thus in terms of the types of interaction thaﬁ
can be recorded iﬁ the image, the SEM is somewhat more vérsatilg than the
éonVentional.electron microséope.

‘fhere is also some advantage in the ability of the SEM to view bulk
specimens. If geometric analys1s is required in three dlmen51ons, thg-w ;
rather difficult procedure of reconstruction from serial sections (STACKPOLE,{
et al., 1971) is necessary with the conyentional glectron microscope since
each specimen observed in this instrument must be thin enough to transmit the
électrons_used to form the image.

Since many of the three dimensional geometries are of considerable

importance in biology, the additional information available through the
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ability of the SEM to sample depth and shape becomes important. This is
particularly true in the areas of the nonmetric, ﬂonprojective, enumerative
geometries encompassed by the field of topology (RASHEVSKY, 1961).
2. subjective or Brgeriential Information Franster
The possibility of complementing objective, analytic information trans-

fer with subjective, experiential aspects of image-observer interaction can be

investigated using SEM techniques since several of these techniques mimic

“in fheir functional character the mode by which the individual experiences

the world around him (HAYES, et al., 1969). Thus, the SEM can be utilized
to éxtend our sénses as well as to accumulatg analytic data. Such an abil-
ity accbunts for much of the attraction that scanning electron micrographé possess
for scientists and laymen alike. 1In addition to being an attractive method

qf informaﬁipn presentation, such subjective coﬁtact caﬁ allow a'moreAfunda-
mental investigation of the usefulness of nonanalytic information transfer as

Vv

a éee@a&-techniéue in the imaging of bioclogical systems. . . .

[
E o,

B. Specimen E%eparation = o

The requirements of specimen preparation for scanning electron micro-

scopy are no less rigorous and demanding than those of conventional electron
. -t
microscopy or any other form of microscopic investigation (BOYDE A& WOOD, 19691;

(PFEFFERKORN, 1969); APEASE, Dn, 1964)] (BAKER, Xy 1958). fhe investigstor |

using the scanning electron microscope often finds the majority of his time

spent in specimen preparation when compared to time spent in actual viewing

with the‘microscope. Specimen preparation begins with the selection. of

appropriate tissue material and proceeds through the necessary fixation,

dehydration and conductivity considerations.

I. Selection of'11§sue

oot

" One of the most critical decisions to be made in any .scanning electron

-q



most of the techniques will reveal only the outermost surface of the specimens,

-15-

microscope study ié to detérmine whether or not there is a feasonable chance
that scanning electron microscopy can yield useful information about the
subject. This decision depends not only on the material itself, but aiso
on the kind of information that is required about the specimen. In many
cases, it will be more appropriate to investigate the material using conven-
tional electron microscopy, light microscopy, or electron microprobe rather

than the scanning electron microscope. Limits of resolution, the fact that

and the severe environmental conditions that the specimen must experience in
the column of the instrument, are factors that should be kept'in mind.
However, a large variety of biological materials of many types have been |

(CARE, 19715 P
examined successfully.\ (BOYDE .& WILLIAMS, 19683§,XBARBER & BOYDE, 1968) i

", :IWC-L C (&N
_ '/({PEASE A& HAYES, 1966a97£PEASE‘”EAHAYEs, 19622{; {SMITH,- et al., 1971L)}—{THORNHILL,?
' f

AL

‘et al., 1965);. (HAYES, et .al., 1966,);:_,(GOLOMZB al’*ﬁAﬁR, 1971).

1. Natural §urfaces

.Since the probing‘electron beém penetfates only.a few microns into the
specimen and iﬁ certain operational modes such as secondary électron, the
signal emerges from.an even thinﬁer layer of the spécimen, it is generally
a surface that we are invéstigating in the scanning electron microscope.
1f a biological system contains information distributed cn & surface that
is in contact with eithe;-air or a solution, the preparation for scanning
electron microscopy ié relatively simple and does not require dissection

or sectioning techniques. Such surfaces, however, must be considered quite

;carefully with respect to fixation and dehydration in order to prevent the

,

introductidn of unsuspected artifacts. At times the type of information
that is required will remain invariant under certain deformations (HAYES,

1972), in particular, certain topological properties of shape will remain
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invariant under many types of deformation. For most purposes, however,
the surface integrity must be maintained without distortion and the

proper handllng of these surfaces through fixation and dehydration as out-
. Qe
lined below is essential (BOYDE & WOOD, 1969).

The eye might be taken as an example of a biological system where con-
siderable information is displayed on surfaces which are relatively access-
ible for scanning electron microscope viewiné. The outer and inner surface of

the cornea, the surface of the lsns, the rath%r intricate filter system of

the trabecular meshwork and even parts of the%retinal complex can be pre-

pared fith little but simple gross dissection gequired. These surfaces of

the eye are both cellular and noncellular and their study oan yield infor-
\

matlon which can be correlated with conventlonal electron and light micro-
a’”rl 14‘1(.’& (s ENPU"’],»

scopy (SPENCER} et al., 1968) (SPENCER & HAYES '1970) ,{BLUMK% 1967}{ /
,émlgeABARA 1970 (MATAS, et al.,. 1971). ‘-..\

Loty \L\

Leaf surfaces (H‘ESLOP-HARRISON,& HESLOP—HARRISON 1969), insect
\

cuticle morphology (SOKOLOFEr,et al.,'l967>[£HARTMANf& HAYES, 1971), and

paleobiological samples (ERBEN, 1970), are other;éxamples of specimens

' ﬁhere information can be obtained direotly with é'minimun,of dissection or
_sectioning. i

Systems composed of indiyidual cells offer surfacss which are readily

accessible for scanning electron microscopy. Investigations of blood cells -

. q/\,\(v(
- .in both normal and pathologlcal states (BESSIS & LESSIN, 1970,)' AKAYDEN & ok

ESSIS 1970) ,(’CLARKE )1 SALISBURY 1967X XSALISBURY % CLARK:E 1967X AVWARFEL & ocot
(e HAEUS et aley 197 o' canet
ELBERG, 1970)/4 tissue cultured cells (SH:EIE & DAHLEN, 1969)/ XBOYDE,/ et al.

1968), and of protozoa (SMALL & MARSZALEK 1969)/ (HORRIDGE ,& TAMM, 1969) are
examples in thls category.

2. Dissected Qaterisl

.Most'biological material exists in three dimensional solid arrays which
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do not offer the opeh surfaces discussed in the section above. For such material
Quite'elabofate dissection techniques are necessary in order to reveal the parts
of‘the specimen which are of interest. Lewis, in his work on neurqnal tiséués

has developed several of these ultradissection and tissue cléaring techniques
(I;EWIS% et al., 19696..)"!,~XLEWISL,- et al., 1969, (LEWTS, 1971,)’{.(HILIMNL?E\(I::E¥&S, 1971).
Extending-the work of Themas in conventional electron micrbscope preparations,
(THOMAS, 1969), Lewis hes also applied techniqueszof low-temperature ashing in the

1

preparation of scanning electron microscope speciiens. This procedure can help to

\

clear. the specimen of unwanted tissue components t%at would tend to obstruct the

. B - . 1
view in the scanning electron microscope and can bé augmented by the introduction
of nonvolatile components through the process of sﬂgining;

It has been suggested that a combination of diséecting and ripping of tissue

following aldehyde-perfused and fixed tissue is a vé?y suitable method for revealing

) . 5 ’ !LN\UI\ ) \“_
‘internal surfaces (BOYDE & WOOD, 1969). A \
#i - “3. Sectioned Fissue ‘ '

[

. . \

, . : . g . . ! ‘ . . :
It is possible to utilize a standard microtome to prepare sections of biological

R . ] R
Fig ‘? material where the surfaces to be investigated lie deep within a solid organ or

|

]

tissue. These sections can be viewed in the SEM after certain preparative tech-

£

-niques and with pro@er care in intérpretationj(ELIAS,:1971) éan‘provide useful
structural information. The preparative techniques of fixation, dehydration, and

embedding often will not preserve ultrastructure in terms familiar to converntional

‘electron microscopists but may retain some useful information at the cellular and
very large pélymer level. By investigating such sections utilizing the ‘SEM, we -
. can téke advantage of the increased resolving power when compared with the light
miéroscope and the ability of.the.scanning‘electron migroscope to visualize the
sides or vertical surface of these sections (MC DONALﬁ;vet al., 1967). Such sec-
tioning technique has‘found application in the study of healing wounds (FORRESTER, -

. : 156 94— :
et al., 1969a) (FORRESTER, et al., 1979), certain parts of the eye (SPENCEP}, et

%‘ . The cjto/?/CQ/ teci/n/cufs used Lo SEperate cell Com/ﬂdr;enf_g' <an
: be vtilized . for the gre/,,{,;«t*/an of SEM miaterral. Tsolated starmed c/;r;omo;gme'_s

. have been steared and thesr SEM mor,a/\o/o_g_»] correlited witlh che. //_74@‘
M ChrosScore 11, ( SLUCIACEN T rawy~ 1~}
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d

. \.-/\,\(‘.\ vu» <N

a.l, 1968), central nervous system (Mc DONALD & HAYES, 1967,Y ,(BOYDE & WOOD, 1969)
and heart muscle (POH, et al., 1971).

The technique in general, consists of cutting paraffin sections (or utilizing
slides previously prepared for light microscopy, POH;;et al., l9Tl)}after follow-
ing the general procedures utilized in light microscope histologlcalgpreparations.
The sections are cleared in a solvent sueh as xylene, dried, metal coated and
vieved in the SEM. |

SR et e e et <w--—~ -

. L1V1ng spe01mens

A few organisms can retain sufflclent water to survive the rather extreme
env1ronmental conditions (CROWE E?EQOPER 1971) of vacuum and radiation encoun-
tered in the column of the SEM. Such specimens, while generally very much re-
duced in any physioiogical ectivity while being viewed, recover after removal
‘from the column and present a unique type of specimen for study (PEASE% et al.,

. : o N , ok
1966)i (HOMPHREYS, et al., 1967). (HARTMAN % HAYES, 197l3}-(PEASE‘f§*HAYES, 1968) .
The preparative procedure for these specimens is minimal. In general, no fixation,
dehydration or coating with condnctive,material is reéuired. The elimination of
preparative steps and the rether(strict criteria ef survival means tnat fidelity
is probably quite good- in these preperations;

5.; Ton Etching

IOn etching, pioneered by Boyde and Stewert represents an additional technique
for revealing underlying surfaces (BOYDEjaﬂéfEWART 19623 (STEWART,& BOYDE l96%¥-
jBOYDE, 1967). 1In this procedure, a beam of ions such as argon is utilized to -
blast away  -the surface of the tissue.in order to reveal the underlying material.

It is necessary to.try and dietinguish between structures that have been revealed
as‘a result of removal of the outer layers of materia}/from'those structures related
to the ion etching process itself. " Baker has consideted some of the factors im-

portant to an interpretation of ion etched material, particularly in reference to

__— the images of ion etched red blood cells (BAKER, B‘~@,,~&9$g§.
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6. Freeze-étching'%;chniques

Because of the obvious relationship in terms of surface investigation,
the higher resolutien freeze-etching technique utilizing conventional elec-
tron microscopy must always be considered as an alternative to the secondary
electron mode scanning eléctron micrograph. The freeze etching technique
has proven to be of great usefulness in the 1nvest1gat10n of surfaces where
the qualities might be described as rough, buﬁ not too rough. That is, if

‘ﬂ the surface projections are relatively small (such as the particles that

have been characterized on the surface of membranes), the freeze- etching

BN KA g e LT et e

YR e B LY, "\/

technique can be of great value.. stexerTwif~%he—sar£aee~becomes—very -con - .“”1

._4.4#-
L
ey

,MVO&ﬁ%e&*“asmfor"ekample theuhead of a beetle,“i£~i5~dlffreui%w$e~atrlizenihe_ a,
*}C ¢ aan < PALL.
é@eeﬁe~e%ehing repticay to”fdrm‘aﬁ"image"of”thiS“en%ire VEYY

B R A N S

dﬁgisurfaC““*”

L o
-m...~.»,.,‘ A e e A T e S b e S

Many aspects of freeze-etching technique have recently been reviewed by
i

Koehler (KOEHLFR, 1968). " i

The addition of eemplemeniary replicas techni?ues-where both surfaces
of a fracture can be compared (STEERE' l97la) and %herfurther enhancement
of depth 1nformation by stereo—pair micrographs - (STEERE 19714) has measurably
improved our abllity to interpret surface and shape characteristics by this
technique. The depth of the replica is quite striking and the high resolu-
. tion possihle (30 A) is bound to impress the scanning electron microscopist
who has struggled to achieve a 100 A resolution.
‘Depth and shape characteristies.of.the.replicas can also be seen, by _;
iscanning eleetron microscopy. It is possible to correlate the appearance
of identical areas usinéSEM and CEM (MC ALEARS et al., 1967) '. As will be
discussed in further detail below, the freezing precess is at‘times difficult
to carry out w1thout introducing artifacts of structure and the interpretation

’ A K{,‘iﬁﬂ’c“f“'waq “\:ai'.’.. P . -
of repllcated frozen surfaces can somet1mesAhe~éiff&eaiﬁwinwthempresence~ef

-

' the-w&rie@wvf"particle«;e&mpes;»hoi*esw:and«d«rsft'or"t«rcrr’s"prvducedwhyw—ice»-crystaﬁ; , \/
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formatiom. - In general, however, the freeze-etching technique offers an
extension of resolution and an alternative method of imaging underlying
surfaces that can be{exposed in at least a semi-controlled fashion. Cryo-

fracture without replication can also be a useful method for revealing .
for the Sormmiiesy ElETTEom AMALRD S LoV Ve

specimen interiorsA&HAGGIS, 197Q)l(LDM, 1971). - Frozen material may also -

be examined at low temperatures without dehydration (ECHLIN, 1971).
\
i

1. Ultrastructure ?ixatives\

et e L STANTR

II. Fixation :

Although there are significant differences in terms of the embedding

matrix and required resolvable detail between the SEM and conventional elec-

tron microscope preparations, the most often used fixatives for scanning

1

electron microscopy are those adapted from conventional electron microscope

techniques. For example, osmium tetrox1de and O Oh_H 012 fixative (PARDUCZ,

\ S

196T7) has been used very successfully to fix protozoa for SEM examination

L\/\A'-"‘

(HORRIDGE & TAMM, 1969) ,(SMALL % MARSZALEK 1969) A formaldehyde-glutaral-
;dehyde fixative of high osmolality first suggested for use in conventional
electron microscopy by ‘Karnovsky (KARNOVSKY, 1965) was utilized in a scanning
electron microscopy study of the structure of av1an lung (NOWELLa et al., -
1970) and has found general application in our laboratory as a SEM fix-
ative

The‘fikation.methods utilized in conventional electron microscopy are
'discussed thoroughly by Pease (PEASE, <DANERE l9§h)ﬂandbcertain Oﬁiﬁﬁ?»sPGCiﬁlf
ized applications of fixation of biological samples for scanning electron
microscope examination have been investigated (ARNOLDA et al. 197%X

Canect Z Gt

(ARE@;ERG 197M[ KBOYDE & WOOD, 1969), MARepLek # State, 1569)

o1 g
M < 2. Light ﬁicroscope Eixatives

Occasionally the fixative of choice is more related to standard light

microscope fixation than to the specialized ultrastructural fixatives used
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in conventional electron microscopy. Parducz's fixative (PARDUCZ, 1967)
was originally developed for instantaneous fixation of the éiliates. Boyd
has found thét this fixative is very suitable when used to harden the free
. : A S
surfaces of soft tissues, isolated cells, or .cultures (BOYnghWOOD, 1969).
The cross linking or pfecipitating properties of fixatives (BAKER,,}erT?‘
1958) can be utiliﬁed to produce the desired degree of elasticity or britﬁle-

ness in a tissue prior to dissection. Boyd has found that glutaraldehyde -

- and formaldehyde make tissues tough, while Parducz's fixative makes them

[V

very hard and brittle (BOYDE & WOOD, 1969).

. Finally, it may be useful fb examine mﬁtgrial which had originally
been prepared for light micrdscopy (POH% et al., gzzég. In this case, the
preéarative procedures are thqse associated with the standard light micro-

scope preparation and as a result, the degree of fidelity is not comparable

to the ultrastructural fixation and imbedding common to conventional elec-

tron microscopy. However, the advantages of having access to historical

material prepared by standard light microscope pathology techniques may

. outweigh considerations of ideal fixation.

III. Dehydration and Drying.

Dehydration, usually through a graded series of alcohols, is a familiar

process in voth light microscope and couventional electron microscope

techniques. This dehydration is a necessary prerequisite to imbedding in

the non-aqueous matrices utilized for the sections which are the standard

specimens in these techniques. In scanning electron microscopy it is often

Lo

'.neCessary to carry out such dehydration for the purposes of freeze-drying

o

from a non-polar solvent, or for substitution of a liquid which can be
conveniently removed through critical-point drying.
In general,'however, the specimens for the scanning electron microscope

do'nof consist of. sections, and therefore are not surrounded by any supporting
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matrix. The need in scanning electron microscopy preparation is to remove
the water completely rather than to substitute an embedding material -for the
water originally present. The techniques utilized for this removal of the

water have generally been derived from the dehydration techniques utilized

R in conventional electron microscopy and have drawn'heav1ly on the technology

,EY(CML Aammd. ervical })o\fh‘l’d‘(‘\;\"{u *ecMngyeiJ"Tlxes b ve, Als Lrais g belo w,
y// of the«@reeﬁewe$chw§epl@caw%eehnmq&€*/ A-ppefed~veview-of—the-preparative

e et o e

J
'/procedures utlllzed -y~ the“bonventlonal €1&ctron mMiéroscope- can“be”foun& i
/ i

/
Xg in‘Pe&se‘vaookm(PEASE MD.,w196h)gwandmthemtechniquesmofwfreeze_etching

bl
%v' {\ have..been.. covered ln the. recent rev1ew by’Koehler (KOEHLER“‘1968) mwj

N PR

i ereesefying

Freeze-drying has probably been the most often used technique to remove
water from scanning electron microscope prepafations with a minimum of arti-
factural change. Although freeze;drying has sometimes been referred to as an
"artifact-free" method, it is es prone to difficulty‘in.this direction as
other ultrastructure preparative techniques (KOEHLER, l968);(BOYDi;T§bOD,

1969). The artifacts of preparation may afise during the freezing process

or dufing the sublimation of the.ice under ihe low temperature, high vacuum .

\

conditions of this- technique.

After considerable experimentation, Boyd and Wood have concluded that

the.tissue surface is ieast distorted following freeze-drying from a non-
polar solvent,'e.g,hAmylzecetate can be substituted for_the tissue water.
Freezeedrying from water is a relatively slow process reduirihg days or
. even weeks‘of vacuum evaporation at low temperatures (-70°C). By substi-
‘tuting the non-polar solvert, the freeze—dfying tige can be shortened to a
CAnG

matter of under one hour (BOYD & WOOD, 1969). A second advantage: is that

the non-polar materials freeze more in the form of an amorphous glass than



‘during freeze-drying.
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of a typical ice crystal. Since ice-crystal formation is one of the-most
serious problems associated Vith'freeze—drying, substitution of organic
liguids for the water is a definite advantage. At the same time the pos-
sible chemical alterétions produced by'changing the chemical environment
from water to a non-polar solvent must be considered a drawback.

Several commercial freeze-drying units are available. It is advan-

'tageous that the unit be equipped with an electronically cooled stage

where the temperature of the specimen can be monitored continuously and a .
specimen chamber that is free of contamination produced by outgassing of
chambe; components or back-streaming of oil vapor from the-mechanical pump.
Since the specimen temperatdre is often maintained in the -T70° to -80°C
range it is also useful to have a cold trap at liquid nitrogen temperatures
to assist in reducing ﬁhe contamination on the surface of the material

“"Upon completion of the freeze-&rying (approximately -3 days for speci-
mens of 1-3 mm. in thickness,ABOYDf§»§BOD, 1969), the specimen is warmed to
slightly above room témperature before air is readmitted to the vacuum cham-
ber. Such warming is‘neceséary.to preventjcondensation‘which might re-hydrate
fhe.séecimeh.‘ | |

The specimen can now be stabilized by coating with a thin layer of

carbbn, which will help to maintain the dried state for specimens which are

‘hydroscopic. Most specimens also will be coated with a thin layer of con-

ducting heavy metal by evaporation techniques (%ee below). Boyd has developed
a vacuum station in which both freeze-drying and the evaporative steps assoc-
iated with the carbon and heavy-metal layers can pe carried out in a single
chamber du:ihg one vacuum cycle. Such a procedure eliminates the danger of
rehydration, but the very long times associated with freeze-drying means

that the evaporation unit will be tied up for long periods of time and not

i
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available for other uses.

2. Critical E%intiﬁ&ying»

A second method for removing the water from the specimen without the
damaging effects of surface tension is the critical-point technique devel-
oped by Anderson (ANDERSON, PP, 1951). In a two-phasé system such as
* the liquid water in equilibrium with the gaseous water vapor over the speci-
" men, there is a point in terms of -the environmental temperature and pressure
applied to these two phases where the llquld phase will become indisping—

AY 4his povct
uishable from the vapor or gas phase, amé%;he liquid will be converted to
the gas which can then beAremoved from the system without the surface tension
effects associated with air drying. The values of temperature and pressure,
where this transition occurs, is called the "critical point." |

Water'is not a practical material for the critical—poipt process because
of ‘its extfemely high pressura and temperature valués; therefore, the water
of the apecimen is repiaped; first, by an intermediate liquid and thén by
.'the transiﬁional.liquid having tha critical point within-the‘range of design

characteristic - of a laboratory apparatus. Anderson utilized ‘ethyl alcohol

v

" as the dehydrating agent, amyl acetate as the intermediate 1iquid, and carbon

' dioxide as £he transitional 1liquid. Boyd has utilized this method in the
'.constructlon of a critical- p01nt apparatus for scannlng electron mlcroscopy
A detailed descrlptlon of the. apparatus and its use is contained in his ar-
A
ticle descrlblng preparatlve techniques (BOYD?QN%OOD 1969). He found gen-
erally satiafactory results but noted a 10% bulk shrinkage artifact with this
method,‘as'measured in certain tissue samples. ,
The lower critical point associated withﬁtha fluorocarbons, "freons,"
~has been utilized by Cohen in the construction of a critical-point apparatus

using readily available commercial components and capable of rapid and effi-

cient operation (COHENRQet al., 1968).
) ) . .
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At least three commercial models of critical-point apparatus which oper-
ate with C02, freon, or both, are now on the market.
A comparison of freeZe—drying and critical-point drying as preparative

VA

techniques for scanning electron microscopy is demonstrated in two papers

(\Cc\\\’v“)} widly

the structure of protozoa. The freeze-drying technique was
G/th

utilized in one (SMALL,& MARZALFK, 1969), whlle the other utilized the crit-
(Horri1dge F Tamm, 1969)
ical-point technique for drying similar osmlgm fixed protozoan specimens./\
The two methods can be-used together in order to identify freezing and chem-
ically induced artifacts. | L
| 3., Air rying
~Theesurface tension effects aesociated with drying in air in general
' disfort and obscurevthe details of the specimen. Occasionally however, this
surface tension flattening can be an advantage (e.g. in the disclosure of
internai grenulee of a cell which would not be revealed if the spherical fom
of ‘the cell were malntalned through freeze drying or critical point drylng,

MC DONALD?\O}}AYES, 1969). Cell junctions may be emphasized by air drying
‘(SPENCERiEAEEYES, 1970), and the A, I, and Z bands in striéted muscle fibers
can also benaccentuated by this teehnique. ‘Boyd and co-workers have demon-
strated thét sub-surface features such as'nuciei<and mitochondria can also
' be revealed (BOYDY, et al., 1968)/1( (BOYDE/ et al., 1969). Air drying is use-
ful when certain kinds of information are to be extracted from the specimen
preparation (e.g.'comparative form, ROTH, 1971) but in general iﬁ cannot be

substituted for the more faithful methods of freeze drying and critical-

point drying.

IV, Improv1ng épnduct1v1ty

TN AV e T L /

Since 1t is generally de51rable to malntaln the electrlcal potentlal of
the specimen surface at ground level, the specimens for scanning electron
UsuqﬂQ : L//;

microscopy are generally coated with a thin layer of conductlng materlal by

vacuum evaporation techniques prior to viewing in the instrument. Most
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biological specimens in the dehydrated state conduct electricity rather
poorly and this layer prevents the build-up of beam induced charge‘and the
resulting artifacts. Living material, where the presence of phe hydratedksys-
tem seems to prevent an accumulation of charge (PEASE% et al., 1966) is an
exception, usually requiring no metal coating. The interpretation of the
bright areas and image distortions produced b& charglng has been discussed

o Vo k

by several authors (BOYD & WOOD, 1969) (PAWLEY 1/13)

&L,

1. Metal bvaporatlon

SIS CHO TG o Timetal

. . { : L
Most frequently the conducting layer consists of a layer of carbon,

_ which provides for é well covered sufface, folléwed by an outer layer of
: \
heavy metal, usually gold, that has been evaporaﬁed on the sample in order

to improve the secondary electron coefficient ani to limit somewhat the in-

3
(1

. . !
teraction volume. In order to achieve uniform coverage it is essential to

rotate the specimen quite rapidly. The carbon lay%r (not more than 200 ;
thick) is tough and stabilizes the specimen while éroviding a good substrate
4to_which the gold layef is firmly adherenf.. Cérbqg is. easy to evaporate, éauses
little specimeﬁ heating, and is easily scattered éy the residual aif mole-
cules to form a continﬁqus layer over the specimeh.' Gold is very easy ﬁo
.'evaporate from a tungsten filament, has a reasonably small granularity by
SEM standards and has a high secondary electron emissioﬁ coefficient (BOYDJ&"OAAU&
WOOD, 1969).

At very high scanning electron mlcroscope magﬁlflcatlons the - gféZEIétlon h
of‘the gold film is sometimes. observable and may become & problem. In order
to reduce thé granularity the metal coatings uﬁilized in'high resolution

conventional electron microscopy can be used for scanning electron microscope

preparations. Very small granularity and relative ease of evaporation from
’ f

tungsten is possible with a platinum-palladium alloy or with chromium.
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Specimen damage sustained dﬁring the métal evaporation procedure due to

heating is probably quite small. Koehler has discussed the temperature rise

associated with radiant heating and the heat associated with phase change;

experienced by the condensing metal on the specimen surface. For.most evap-

orétion procedures it would seem that the ﬁemperature increment at most is

one or two degfees Centigradé which is far below that necessary to produce

volatilization of the components of the dried tisspe sample (KOEHLER, 1968).
| é. Conductlng §prays and Solutions.? -

R R ST IS PHPE IR .-,..-.-—_....

For certain studies it is possible to spray an antistatic agent onto the
specimen asAan alternatlfe to metal evaporation (SIKORSK%:,1368). The anti-
static agent, (e.g. Duron) can be applied .very conveniently and without expos
ing the sample to the vacuum of an evaporator. .It tends, however, to cover
small surface detail and therefore is most useful at the lower magnifications.

A liquid such as a.fatty acid miiture can also be applied to the specimen
surface in order td imprové conduction under‘electron bombardment. Again, |

residual material can obscure. fine detail and introduce unwanted artifact.

In one of the early studies of‘mammalian tissue, soaking of tissue specimens

in-sdlutions of metal salts was tried with only moderate success.(JAQUESS et

~al., 1965).

c. Viewing'fgchniques : t>

The actual operation of a-scanning electron microscope for biological
investigation can be ca?riéd out by the investigator himself or through the
use of a speciaiized technical operator. The wear and tear on an instrument
is, of course,iincreésed by having a multitude of different operators, some
of whog havé relatively little experiepcé in the d;eratibn of intricate elec-:
tronic apparatus. However, if the operator is utilized there ié alwayélthe
difficulty of the bioiogist working "over his shoulder." The technical op-

erator is more proficient in the operation of the instrument but may lack

Pl
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' the biological background in the specialty of the investigator. This back-
ground:oftén seems imporfant in the iﬁterpretation of images and in the
selection of the field, magnification, viewing aspect, etc.

Often the scanning electron microscope represents a joint investment
of several departments or divisions which may:include the'physical sciences,

engineering, biology, and the medical sciences. Instrument design, which in

(

the early days of the commercial instrument wa? directed rather exclusively

toward the engineering and phy51cal requlrements, has been extended to in-

I

clude instrumentation designed more directly fo% the needs of the biological

1
1

science investigator. Several companies have instruments which are directed
| i
toward the operation by the biological investigaior himself, and if price

.considerations can be improved, it would be hoped that small scanning elec-

wivhe
tron microscopes <an be avallable, not only w1th1n the blologlcal departments

but even, perhaps, in the individual laboratories ?f the biological investi-
gators. | ' . . ' }
As the operator»faces thg écanning electron microscope, it is apparent

.@hat there are many variable operating parameters.&hat must be considered in
the production 5f,the image. - In ofder to feel‘cogfortable with all of the

' vériableskinvol§ed, it is neéeésgry to sit down and actually operate thé in-
strument. During this learning period some of the following suggestions may.

l prove useful.A

I. Standard.ﬁpec1mens% : S e TN e e

NS BTV, 8

If we are to make reasonable‘p;ogregs in our attempt to integfate the
various operating parameters it is very useful to pave a specimén which is
stable and contains morphological detail that can be used to test the. oper-
ation of the instrument.

Standard specimeéns which are biological in nature have the advantage in that

theirkdensity, surface texture, and chemical composition is more_directiy
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related to those samples which will probably be'under investigation. Manning

. nmi———— .
has shown that tobacco hOSaic virus paracrystals and serum lipoprotein macro-
molecules might be used as standard specimens (MANNINGg;et al., 1968).

In general, however, non-living material offeré & much greater specimen
stability, and can be used for repeat testing over long periods of time. |
Mineral samples can be prepared with surface structures that'test the maximum_
resolving power of the inétrument, and with a judiciqus choice of density and
elemental composition we can still approximate the composition of biological

material.

We have found that a sample of precious opal, that has been etched with

v hydrofluoric acid and then coated with a conducting layer by evaporative

techniques (JONES, Ry 1969) is a very satisfactory standard specimen. Such

a specimeh remains stable over many months and contains structure at two size
levels: one corresponding to the moderate range of magnifications of.a scan-
ning electron microscope and a fine structure that is near the resolution

limit of our present instruments. Opal has been investigated byllight micro-
scope and conventional electron microscope te;hniques (JONES\lg\%}ft al., 1964%f
j@ARRAGHé et al., 1966%@£SANDERS, 1964) and thus has the:additional-advantage'

of presenting a well-established structure that has been identified by several

imgging methods.

II. Signal Eonito;‘

If we are to make the necessary quantitative appraisal of the performance
of the scanning electron microscope it is essential that we have a method for
mbnitoring the information signals (PAﬁLEYS et al.£,1969). Most commercial
instrqments have this capability to a more or lesé.satisfactory degreé, The
signal monitor acts as an-exposure meter for the photographic recording of the.

image and the signal displayed should represent as nearly as possible the
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amount of light at each p01nt on the display cathode ray tube. lf the mon-
1tor displays th1s signal, both the brightness and the contrast levels can

be read directly, and no subjective estimates or dependence on prior experience

is required for efficient photographic recording. -Completely automatic photo-
graphic systems are also now available.

. By observingva single line of the scan (utilizing a vertical defeat cir-
cuit) and sharpening the peaks of the display a best focus position can be
determined. Such focusing is‘particularly useful at very high magnifications
where the required low specimen current for maximum resolution often'means
that the image will be quite reduced in intensity.

The monitor can also help in the analysis of signal distortions produced
hy stray fields, electronic failure, or mechanical vibration. Identification

of the difficulty is often aided by an ability to determine both the frequency

and the amplitude of the imposed distortions.

ITT. Accelerating Voltage

- The operator generally has a cons1derable range of accelerating potentials

from which to select accelerating potentials from 1 kV to 50 kV being most

often utilized. It has been suggested that .for the observation of biological

‘material accelerating voltages no higher than 10 kV be used. Adequate reso-

lution, at least for certain microscopes, may only be obtained at a higher

accelerating potential and some experimentation is usually in order; It is
probably best for the operator to try-several potentials, keeping in mind that
such things as increased interaction volume and the charging effects produced
require careful interpretation. If this is kept in mind, it seems\that»for ‘
certain samples the increased signal brightness produced by slight charging
effects at higher voltages'might actually aid in the visualization ofAsome

detail.

IV. Specimen furrent

‘The specimen -current selected by the operator should be as low as
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{

possible while still enabling the formation of a relatively noise-free image.

l” I3 B} 13 0 - . ) 03
<The ability to measure specimen current is quite useful and the micro-microam

meter usually used fbr this purpose is often.consulted. The probe diameter
is controlled in part by the specimen current (see Equation 1), and for the

usual high resolution work currents in the range of 1 or 2-x lO-ll A are -

" desirable. For survey work at somewhat lower magnifications specimen currents

-10 : , : _
in the 10 ~ A range are often useful, since they provide a considerable increase
i

‘ |
in the signal and therefore improve noise considerations.

\

For operational~modesfother than secondaryaelectron collection it may be
[}

. 1
necessary to increase the specimen current even 'further. Cathodoluminescence

1
. : i ’
and characteristic x-ray images can be produced ;n general only with a con-
: . : : !
siderable increase in the specimen current. Resclution in these modes is

1

generally determined by considerations other thanXprobe diameter, and specimen

T

amps’ are commonly’utilized.

currents as high as 10_8 or 10~
, T v ‘

- 0
V. Contrast; bhoto-mp;tip}ier

Sy

o o

In operating a scanning microscope the contrast of the image is often

cbntrolled by'regulating the voltage of the photom#ltiplier tube.  Contrast

"within the range of reeerding film can be set subjeetively, utilizing the A

'display(cathode.ray'tube,-or can be determined by measuring the peak height

of theusignal'monitor display. If a process of re-photographing is to be
used, .the poesibility of increasing contrast through successive photographic

rebroduction should be considered. The selection.of aﬁeentrast level somewhsa

B

below that which might appear optimum on the display cathode ray tube is
euggested. Extreme contrast in the image is often a result of charging and
is best corrected by improving the conduction of the sample (see B, IV above) .

VI. Scan Eate

Frame speeds ranging from hundreds of seconds to TV rates (l/30th of &

second or faster) can be utilized in scanning electron microscopy.
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. The slower scan ratés aro used when it is necessary to extracf statis;
tioally significant information for.each of ‘the picture elements utilized in
a photographic recording of the image. Typically a frame speéd (or exposure
‘time) of about 4O seconds has been used. However, a 4O-second frame cannot
. be integrated by the brain and for direct viewing and for the observation of
"dynamic teohniques the much faster sweep‘speeds are called for.

Television scan rates (KIMOTO% et al., 1969) are very useful for focusirg
and for observ;ng astigmatissxgovement of the specimen. Survey work, that
precedes & more detailed high magnification study, also benefits from flicker-
free display. TV scan rate hélps to correlate adjustnent of the focus contrd
with the inotantaneous’image; eliminating confnsion with the long-persistance
image used fof visual oosernation of lower scan rates. -

Inlofder to asseés specimen movement in a smooth and accurate fashion it
- is necessary that the frame speed approach standard TV rates and the use of a

".nicnomanipulator in nhe stage of a scanning eleotron microscope can only be
accomplished if tha images can display movement. For this type‘of micro-
dissecﬁion‘itxis.essential;to_ba able to observe the specimen.and'the micro-
dissection needles in thé.TV scan rate mode.

VII. Astigmatism orrection

The process of asﬁigmatism'correction, possibly'more than eny other
operator function, will determine the -resolution of the final.image.-
| The most effective way to déal with astigmatism is to prevent its occur-
rence. Astigmatisn often is the result of contamination in the colimm of the
- microscope, in oarticnlar, contamination of the final aperture. The best
" resolution is obtained when the column is absolﬁtéi& clean and & minimum

astigmatism correction need be.applied. However, in day-to day operation a

- small astigmatism ¢orrection’is:generally necessary.
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Any astigmatism correction contains tﬁo parameters: one associated
with the magnitude of the correction and the other associated with the
direction in which this correctional field will be applied. The fact that
tﬁo variables are conéerned in astigmatism correction makes it somewhat more
difficult to manipulate than a single variable adjustment such as focus.

The purpose of theAastigmatism correction is to introduce into the eléctron
optical system an artificial astigmatism which will be equal in magnitude
but opposite in direction to the astigmatism that is inherent in the micro-
scope at the moment.

The astigmatic system will focus one direction ip the specimen plane
at a differest focal plane than the orthogondl specimen direction. By de-
teimining the direction of low and high focus the azimuthal characteristic of
the astigmstism of the microscope column can be determined. iIt is sbmetimss
helpful in this respect:to utilize a plastis overlay that can be rotated and
set to record the direction of the astigmatism. The next step is to locate

_ (.wit'h the azimuthal control of ths stigmator) the proper setting whit:h wili

“produce an astigmatism that is opposite in direction to that found in the

instrument. To do this the magnitude control of the stigmator, is increased

" until the introduced astigmatism is'cohsiderably larger than that present

in the instrument so that the direction can be calibrated independently of

"any astigmatism that is present in the instrument.

Once the direction of astigmatism correction has been determined it is
next necessary to intioduce the proper magnitude that will exactly cancel the
inherent astigmatism. Some idea of the magnitude gf astigmatism - present can
be gaiped by observing thé difference in focus stsps between the low focus
and high focus directions. Most often the magnitude of the astigmatism cor-
rection is set while observihg the image at rapid scan rate, increasing the

msgnitude of the astigmator from zero until the best image is obtained. If
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%he;magﬁ&ﬂﬁdéﬁﬁfvﬁhemastigmatdi:ﬁg@m@éﬁnﬁmunﬁi&%thé%ﬁéStfiﬁﬁgé?iﬁ?ﬁbfﬁiﬁé&w
Tf the magnitude of the introduced astigmatism is too low, the astigmatism
direction will be that of the original determihation; if it is too high the'
direction will be that of the introduced correctional astigmatic field.

© VIII. Final‘gperture‘gize !

i

The selection of'a final aperture is dictated by the magnification

fresolution} and by the depth of focus that is\required. For very high
\‘ ~ ‘,

resolution work, a large éperture is appropria%e since high magnification
obserfétions are limited in £erms of height vagéations. At low magnifications
a large depth of focus is often a prime fequire%ent and for this purpose we
should use a sméller final aperture (large objeéﬁive aperturekis possibly

200 microns and a small éperture might be 50 mic%ons,_BOYDigf%OOD, 1969).

As noted above, th¢ cleanliness and centering of»%he final aperture is essen-

§
tial if astigmatism of the system is to be low. I& is a considerable advan-

tage of instrument design if the final aperture diémeter can be selected -

. ’ . .,’

and positioned conveniently. - ' i
A _ i

' . . . i
IX. Viewing gspect ] A f

The aspect of the specimen shown in the secondary electrbn image 6f é
scanning electron microscope is a projection of'fhe specimen on a élaneAper—
pehdicular to the probing béam.. If the specimen has structure that is intri-
.cate in the sense ﬁhat,certain parts are hidden in this’pfojection, it will
be necessary to rotate and tilt the specimen in or&er.£é see all paiizny"if."‘

A goniometer stage of high mechaniéal’stability and good range in the
three translational directions as.well as‘fotatiog/and tiit is aﬁ important-

component of the microscope. In addition to-increasing the number of sur-

- faces which can be visualized, an accurate tilting stage allows the productiam-
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of étereo—pairs.(BOYDE, 1970). Special techniques for manipulating the spec-
imen might also be considered (BYWATERjgﬁBUCKLEY,'1970).

If the stage is tilted through an angle of 8 to 10 degrees between suc-
cessive photographs, the two phqtomicrographs will repreéent information that

can be compared to the two viewing aspects of human binocular vision. Such

stereo-pairs allow analytic processing that cannot be achieved through any

.single photograph (WELLS,>1960)?(BOYDE, 1970). The stereo-pair images can

be recombined by several techniques, analytic and subjective (see also section
E, II below) and represent a very large increase in both analytic and experi-
ential contact with the specimen.

- X. MMigrqmanipulation C : .

Pawley has designed and constructed a micromanipulator that can be used

: ' otk .
within the column of a SEM (PAWLEY & HAYES, 1971)/; APAWLEY, 1972&1){(: {PAVLEY, 1972b).
This micromanipulator utilizes piezo-electric crystals to move two small nee-

dles in an independent fashion over.very small distances. These needles can

be positioned to within O.1 microns and their response time is very short

allowing for joy stick control and good coordination with the hands and eye
. of the operator. The micromanipulator has proven valuable where dissection
. or tearing of the specimen is required and has also been used to introduce a

microprobe that can be utilized in the study of the charging artifact (PAWLEY, l97%§)

D, Signal Brocessing N

1
~ D et g c/lon. -
.—“:‘n ,fI » ¥ ! -~

T

In order to compress the signal rangéland to emphasize characteristics:

as a function of thé rate of change of the signal rather than the signal level

peppr P

itself, se#eral applicatiohs of electmnic differentiation have been utilized

s

£CREWE,S et al., 1969)‘( ,(‘HEII\]REIC_H;S et ai., 1970) . ‘Differentiation can be util-

ized as a mathematical tool related to the "lighting direction" as seen by the

observer. If the derivative function of an object is considered, we find

that the signal itself may approximate & square pulse, but that the derivative
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of thé signal would comnsist of tWé péaké,'one positive and one negative.

The combination of a positive and negative dérivative signal when utilized
to modulate the display cathode ray tube, results in "lighting" the object
from.one side. Thus,where the derivative is positive, the sample would ap-
pear bright, while on the opposite side of the sample, there would be a

dark area corresponding to a shadow. A mixfure of normal signal and differ-
ential signal can sometimes be useful in improving the transfer of shape and
depth information aiding in identification.

II. Deflection Ebdulation

A

Everhart, Wittry, and others have developed signal deflection tech-

ﬁiques which aid in analysis and can generate striking three-dimensional
displays (EVERHART, 1966,); (WITTRY }ZuVAN COUVERING, 1967). The original sig-
nal may have no dgpth codes (i.e., the specimen-induced current) but may be
more effective if displayed or transformed into a spatial mode. Deflection
modulation utilizes the information signal to deflect the beam of the dis-
play cathode ray tuﬁe rather than to change its intensity as is fhe usual
~ case in intensity modulated images. This process converts the signal strength
into épparent height of a solid thiee dimensional object.' Relationships be-
‘tween signal intensities can then be measured in terms of this deflection
- and at times additiqnal insights into ‘the signal ‘image characteristics are
.poésible. | |
Defelection modulation has also been utilized in connect;on with the
secondary electron signal in order to emphasize surface texture; It should
be noted, hovever, tﬁat in contrast to secondary electron depth coding which
is basically a function of the angle between the péam and the specimen at
each point, the deflection modulation "height" is an arbitrary functicn and

is completely at the disposal of the operator. To say, therefore, that de-

flection modulation increases thé}resolution of height is misleading.
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Resolution in height (Z direction) of the specimen will not bé effected
by. this method of presentation (modulation) of the image. It is quite
_true that deflection modulation may make certain height relationships over
the surface of the Sample more apparent and more easily correlated in the
Amind of the‘observer, but the basic distances; that can be separated in
terms of Z résolution are not effected by theigeneration of an artificial

texture through deflection modulation.

ITI., Color ‘ﬁ{odulat iﬂon_ﬁ

\

Iﬁ the previous section .we have considerg% utilizing the information
signal to deflect the beam of the display catho?e ray tube. It is also
possiblé’to utilize sighal strength fo determiné‘the color of each point of
the image.f In such a color modulation system (EAWLEYS et al., 1969) a given
signal intensity is converted to a particular coﬁpr. AIn color modulation, -

. s

the assignment of a particular hue or color to a particular signal intensity
\ /

is at the disposal of the operator, 'but once this hssignment is made it is

. . |
. the signal itself as it is. generated at the specimen surface that will determine

the colorv pattern oflthe’final picture (HAYES& et ;‘;al..," ;969).' ‘ -
Colorx modulétion can‘be:useful in depicting-isofintensity areas of the |
image and can also help to accentuate gray level steps that are too small to
ﬁe,recognized withoﬁt such color coding. Ry cqntrasting color hetween two
adjdcent gray levels, patterns of signal distribution can be recognized more
'éasiljy'(EVERHART,&’,HAYEs,'lwz) . e
Colof has .also been utilized to codé two or more separate infbrmation
signals collected simultaneously for ihage displéy. This-process>generally
référred to as color coding to distinguish it froﬁ/the color modulation de- -

 scribed above, has been utilized for example,'to combine the cathodolumin-

~ escent and secondary electron images in a single picture.
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IV, Computer Brocessing
Certain of the image processing techniques ftund to be uséfui in light

and conventional electron microscopy (FRANK, 1972);X%URKEg et al., 1971) and

several aspects of transfer theory (BUDINGER, 1971) are applicable to SEM

image evaluation. Because the information from the SEM is presented as an

electronic, time sequence signal, direct processing by computer is a possi-

bility. 1In addition to processing the image, the computer may be utilized

to control the microscope and generate the raster for the scanning beam.

McDonald has reported a computer SEM system utilizing an IBM 1800 computer
- MAC
which processes the video signal and also generates the raster (Mc-DONALD,

N. C., 1968). Pattern recognition programs may be utilized to analyze 1nfor-
AND ROSENEEL

mation from the micrographs (LIPKIH« 1970) and stereometric analysis has
ol

also been carried out using computational methods. (DORFLER,& RUSS, 1970)

'(BRAGGINS% et al., 1971).

E. Recording fechniques oo™

Récording techniques:serve to provide a permanent picture that can be

Vreviewed and analyzed and also serve to integrate an image which may be too
‘slow for physiological response time. For specimens where no motion takes

' place; recording media are generally films or Polaroid positives and for the

pheatormmemar <
recoralng of dynam1c1&eehn&que, video tape is the commonly used recording

media.

1. Photographicilntégration

1., Polar01d ¥ilm

et SNV € AT — e

3T

Since ﬁany of the photographs taken with e SEM are for the purpose
of allowing the observer to see an integrated high resolution image, Polaroid
positive roll film (Type 42) is often chosen. Since intensity of the display

cathode ray tube isvnot & problem, very fast film is not required. When an
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image needs to be.processed for pﬁblication, display, teaching purposes, etc.,
the positive Polaroid print can be quite satisfactorily re-photographed and
the negative peruéed in this process can be stored for future use. The
fraction of photographs, in our experience, that need be rephotographed is
small, and the use of positive film is somewhat more economical than the
production of negatives directly from each SEM recording thréugh the use
of Polaroid PN (positive-negative) film. However, if re—photoéraphing is v
not convenient or if the percentage of the images where negatives are required
is quite high, the PN film can be the preferred method.

Polaroid Polacolor film has been utilized to record color modulation
~and color coding images (PAWLEY% et al., 1969) utiiizing.the visible'light
spectrum from a standard CRT dispiay tube. (Probably of more general use, in
the sense of color conversion, are photographic processes which allow the
color conversion to take place away_from the microscope itself. This separ-
ation provides more latitude in the production of the color of the final
color priht and also frees the microscope for other uses during the darkroom
color conversion. |

2. _ ' -
2. 35 Hillimeter Standard Foll 4ilm

P T

The savings in cost of film are considerable if a 35 mm standard roll
film iS‘usea instead of Polaroid. The obvious loss is tﬁe immediate contact
with the high resolution image which is provided Qith Polaroid. If experi-
mental work has already been carried out which will make the selection o image
forming parameters quite certain, then iﬁ is possible to switch over to a re-
cording mode ﬁsing 35 mm film and to develop: and print a large number of
pictures later at a much reduced cost per picture. |

A : ’
it — o

oy Stereojgairs
The use of two images taken at twb different aspects (tilt angle) greatly
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enhances hoth the analytical possibilities and the experiential contact with
the'specimen. While such a process requires an additional expenditure in time
and effort in order to obtain a second picture of the specimen, the results
are most rewarding and stereo-pair production has becorean essential part of
scanning electron microscope operation.

1. Resolution oftanalytic ambiguities

% ‘-m‘,,

"Quantitative, three-dimensional analysis can be carried out by computer
\
|
techniques and by semi-quantitative modeling tecHniques (BOYDE, 19703 QWELLS

1960) In addition to height measurements, it 1s also possible to utilize

1
stereo—pairs to resolve questions concerning the general shape of the specimen
» . i .
and certain nonmetric properties such as intersection, overlay and general

topological properties.
- . - \

2. Enhancement of Experiential &dntact

: " T W ST N e et <-~‘-_~- e

: ! |
A single image produced, by the secondary electron signal in a SEM util-

‘izes depth codes of shading and overlap to impart togthe observer the shape
and depth characteristics necessary for experientlal contact. By utilizing.

] ‘
a second image taken at ‘an aspect that'would correspond to the position of tle
’second eye, we can provide the information chrough the depth code of. binocular
vision. 'Itiis quite.clear to anyone who has utilized a good stereoscopic
viewer that the enhancement in contact, in the feeling of "being there," is
. con51derable when this additional code is superimposed on the other two. If
we are to utilize our 1ntu1tive response to systems, 1t is valuable to mahe
our contact with the image as broad as possible in terms of mechanisms for
viewing our environment. The addition of a stereo viewer close to-the scanning:

electron microscope console allows the operator to add this code for depth and

shape in a convenient manner.



Individual stereo viewing equipment ranges in price from $10.00 to
several hundred dollars and, in general,'the choice of the equipment depe:..
somewhat on the range of use anticipated. For some individuals it is poss’

ble to assimilate a stereo-pair with a minimum of assistance from optical

- equipment; however, for the average viewer.a good quality stereo viewer

(perhaps costing $200.00) is worthwhile if fatigue and discomfort is to be
avoided and if we are to guarantee a maximum stereoscopic participation b:-
all individuals.

3. Methods of Stereo-Pair 5§esentation

e g NN s

fhe presentatiqn of stereo-pairs to more than the single viewer is
usuallf éccomplished by either slide projection or by some form of printed
image. -Ih both cases there are considerable technical difficulties presega.
If we consider first the presentétion of stereo-pairs to-a lérge audience -
means of projection, we find that a special projector is generally needed =

that the audiencé musf also be equipped with special glasses. Today, most

commonly the coding necessary to separate the image for left andéright eye

an;

is carrigd out through means of~polarized'light. 'Howeve;; other'methods jot=h
been uéed, notably color coding (red, greeh) with the same requirement for :.
coding projéctor aﬁd a decoding pair of glasses for each member of the audia
The nglignment of the projected images is somgtimes quité delicate and for

many projection_rooms it is not possible to hé?é the alignment satisfactory

for all members of the audience. It is also necessary that a special screer

(lenticular screen) be used to maintain the distinction in direction of polea

ization of the two images if polarized light is used.

One modification of this projection‘technique is to superimpose two ¢o°

‘images on a single slide utilizing the appropriate stereoscopic viewer for

. proper mounting. - The requirement for analyzing glasses for the audience st-

‘exists (NEMANIC, 1971) (see Appendix 2).
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In terms of printing stereo-pairs in a book or journal, we are again’
faced with rather formidable difficulties. Several techniques have been
utilized but éach'of these techniques ha&e certain dfawbacks. Perhaps
the simplest technique fof printing stereo-pairs is directed towards the-
somewhat selected audience that can assimilate a stereo-pair simply by
looking at the two images (perhaés with the aid of a separating card be-

© tween thém). Such a method is very simple but obviously suffers because of
the rather smail audience that can be expected to achieve success with thié
method.v

Scientific American, ih their.January, 1954k issue, used a mirror image
printed as one of the étereo-pairs. Synthesis of the two images by the
reader is achieved by placing a small mirror vertically to the page in
betwéen the two pictures. .

It is also possible to print the two members of the stereo-pairs side -
by éide.and suggest to the viewer that he utilize a stereoscopic viewer to -
make the synthesis. If a standard design could be set fqr publicatién of

‘the stereo—pair withArespect to both size and positioh oﬁ the page anéﬁ%he
‘selection of a standard inexpen;ivé stereoscop;c viewer this method would
" ‘become .more accessible. |

SourTh .

‘A seesnd method of printing siereo-puirs for large circulation is based
oﬂ a‘supérimposition of images as was discussed above with respect to the
projection of slides. vThe two- images can be superimposed and coded in two
colors which will later be separated by the reader by means of glasses or
filters. Such a presentation has b¢en quite succeésful in some instances .
and the publishers have even considered it uéeful fsfinclude an inexpensive
pair of viewing glasses as a part of the book or journal.

The sﬁperposition technique can also be utilized in a fashion such that

the sortirgof the images is accomplished by an overlay layer rather than by'
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~requiring glasses to be worn by the reader. This technique genefally makes
use éf sﬁall'lenticulaf scfeen overlays‘which act as cylindrical lenses and
present one of the offset images to one eye and one to the other. Sﬁch
devices have been utilized to a considefable extenﬁ'in the productionlpf
so-calied 3D postcards. This technique, while §ery expensive, has been util-

ized for the presentation of stereoscopic information of scientific value

‘

aandt
(HARTE & RUPLEY, 1968).
It would seem that each of these methods‘isirather restrictive either
i . .

. : i
in terms of the auxilliary equipment needed by the reader or in terms of cost.

A really workable, inexpensive method for_the‘pre%entation of stereo-pairs to

. . {
large audiences through the media of books or jouﬁnals is still needed. The

A : - : ; Q
vertically mounted system used in this chapter andﬁdetailed in Appendix ﬁi

might be a step in this direction. : \

III. TV Tape ' |

Rapid scan rateé are useful in preliminary'viewing of the stationary
specimens and are essential for the observation of éynamic systems. (KIMOTOg’

o o : ] .
et al., 1969);QPAWLEYI&“HAYES, 1971). It is sometimes useful to record

i
these dynémic evehts and for this purpose the most.appropriate vehicle is
“television tape recqrding. .Howevér, the difficqlties of presentaﬁion of this‘
dynaﬁicAinformation either in published or lectﬁre_fbrm are considerable. As
a»firét approéch one can simply photograph the face Qf the TV screen 'in order
to present one or more static‘samplings of the TV imége:“JSince the function
here is solely one of.recordihg for future review or presentation rather ﬁhan
a dual function of recording andAalso integrating tbe image for assimilation
by fhe observer, the types.of photographic procedures are quite standard and
in‘general would not benefit as much from the rapid’pr6Cessiﬂg capabilities

offered by Polaroid film. We have found a Speed Graphic with a 4"x5" back

quite satisfactory for this purpose.
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/;ﬁjj;, The TV tape recording system aésociaﬁed witﬁ the SEM'needvnot be ex-
| pensive and it is possible to utilize neérly ahy of the commercially avail-
able tape recorders. However, the various brands of tape recorders are not
compatible and some care musﬁ be taken to insure compatibility between the
recorded tapes and ﬁhe play-back recorders available at meetings or Iectures.
Projecfion_facilitieé in térms of adequate TV monitors thrOughoutAthe»
vaudience are often lacking at scientific meetings and while there are de-
vices which project an image from TV tape onto a screen, they'are limited
in terms of brightness and magnification and in our gxperience, have limited
applicability. Such TV tape projectors may be considered only when the
audience is not too large and when a sufficient number bf TV tape presen-
tations will be made to justify their cost.
A more convenient mode of presentation is to have the TV tape material
) /a
tranécribed onto standard 16 mg7i¥ilm.A The transcription process is rather
'expénsive, but once the métefial-is on 16 mm.-film,jpresentation becomes no
probleﬁ;

' The static printing in jQurnél or book férm of material from TV -tape
'failS'to.convey the eséential quality of movem;nt. _Perhéps it will be pos-
‘sible in the future.to distribute the tapes through a kind of "journal of
Avideo.ﬁape% but for the moment,ijdurnai bresentations must fély on descrip-

tions provided by authors and a limited number of single frame, still pic-

tures.

F, Information stimilation by the Gbserver

The end point in our chain of information transfer which started at the
specimen is the transfer of information from the imaée to the observer. Such
information transfer might be considered as taking place along two channels.

The first channel relies on the objective, analytic processes associated with

our. systems of ideas (physics, chemistry, biology, mathematics). It is this
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analytic process that is by far the most productive and well known scientific

channel. However, it has not been without its femous crities. -Kierkegaard

in particular has'pointed out the limitations of objective reflection
(KIERKEGAARD, 1848). We might explore then, the possibilities of adding
subjective or experiential channels of information transfer to the more
classical analyfic, objective methods. First, however, let us consider the

analytic methods that are available to us through SEM (JOHARI 1971, ).

S

I. Analytic jnformation 5rocess1ng

\

The information available in the image fromithe SEM might be divided on
. . ’ i
the basis of its physical .characteristics into geometric information, chemical

i ,
information and information related to the electrical properties of the specimen.
‘\ .
| 1. Geometric jnlormatlon :

a) ‘Metric Geometry |

[}

A

Metric geometry deals with properties of length, angle and area and the
[ .

’ \
functional relationships between these properties. ?his geometry is historic
ally the oldest and still serves as the first point of contact between an
observer and the analytic properties of the object belng investigated.
The metrlc propertles of a sample are 1nvar1ant under translatlonal
.changes but are quite sensitive to other-transformations such as projection
’ A requwires .
or deformation Any study of the metric propertles of a sample éﬂfi%&%hﬂwﬁh
\

:1n§iuente&"by préeparative methods that kabi& insure the fidelity of the

angles, distances and areas involved. Also, since metrlc geometry by defln-

- mARTET e -~

ition depends on the measured value, the resolutlon of the 1nstrument is of

.considerable importance since it places a limit on the accurac& of measuremert .
Perhaps our most common form of analysis is the'familiaf operation_of N

determining geometrio size and shape by measuring the lengths, angles and

areas associated with the plane and solid figures represented in the scanning
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electron micrograph.

Metric geometry is not the only geometry available for study with respect
to the spatial characterietics of the specimen. Historically, projective
geometry properties are next in ordef to be considered. Projective properties
afe somewhat more general:than the metric geometry properties in that they are
invariant not only to translation but also to projection. Under projective
transfermation, the properties of distance, angle and area pertinent to metric
geometry de not remaih censtant, but there are other properties (e.g. linearity)
which do remain invariant. b) '77;?0@ i« Geometry

There is & still more general set of properties which remain invariant

under a wide variety ofvtransfornations. These are referred to as the topo-
logical properties and constitute a non-metric,.qon-projective, enumerative
geometry. Sﬁch properties (e.g. genus) because of their_invariance to a
Awide‘range of transformations, might be considered the more basic spatial
.Aproperties of the specimen (RASHEVSKY, l95¢?E¥RASﬁEVSKT 1961) |
2 ‘The technlque of studylng systems by introducing controlled transfor-
mations has been most valuable in phy51cs and mathematlcs and can also- be
applied to some extent to imaging studies (HAYES, 1972). 1In contrast to
the usual. goal of malntalnlng fidelity, 1n‘§é§i\studles transformations
'(artl;aut-) are purposely introduced in the nope that by sifting through
5pecimen properties es a function of their invariance under certain trans-
formations we'may be able to extend our analytical techniques;

In general the study of topological propertles requires the ablllty
'to be able to sample information in three dlmen51onal depth. In terms of
available mlcroscopes, the llght microscope at hlgh resolutlon is limited

and the CEM

to optical ' sectlonlng as a result of 1ts very narrow depth of flelqdby the

phys1cal restrlctlons of a very thin specimen. TheASEM combines a very large 
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depth of focus with the ability to look at bulk samples. Such a sampling of intri-
cate shapes often leads to & better appreciation of certain of the topological
characteristics and to some extent can Justify a loss in the metric geometry

analytic capabilities as a result of the lowered resolution of the SEM

: ’ \
(HAYES, 1970b) . ‘,l
2. Chemicaljlnforgation '

1
1

The analysis of chemical composition has beén‘a very useful part of
E s
light and conventional electron microscopy. ‘Suchichemical information can be
) . i : .
' 1
presented in tabular form such as micro-photometrilc or electron diffraction
Gl . i ’

data (GLAESER & THOMAS, 1969) or can be presented as an image such-as the areas
of specific stain uptake shown in the histochemical micrograph. Both numerical

and imaged chemical information can be obtained froﬁ the SEM and because of

1

the separation of probing radiation (electrons) fromlimagé forming signal

(x-rays, Auger electrons, visible light, etc.) the SﬁM offers some unique ad-
vantages in this area (JOHARI, 1971b). o !

&) Characteristic ¥-Ray Slemental Bnalysis

i .
The electron microprobe for many years has utilized the characteristic
: i

x-rays emitted from a sample bombarded by electrons to identify and quantifate
_ . ' ‘ A THDO A 4
. the specimens elementalvco;nposition (A.NSELLA l969}it,('IQ\IASTON & STEWART, 1969).
1These i-rayé originate from the excited electron shells (K, L, M, etc.) of the
’épeciméh atoms andvthe'x-ray wayelength Oor energy is characteristic for each
element. The chéracteristi% x-raj spectra in generél%canhdt.be used to determ-
ine which chemical bonds exi;t between these atoms.

For biological applications, the usefulness ofg@n x-ray attachment for
'.the SEM depends largely on the value of elemental aﬁalysis to the biological re-
searcher. While there are some examples of biological systems which are very

_sénsitive,to the. concentration of a particular element, it is more the general '

rule that biology is more concerned with the chemical relationships between
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fairly common atoms; It is possible that as we limit the area studied by util-
izing the very fine probing beam of the SEM (SUTFIN% et al., 1971), we may find
locally high concentrations of unusual elements but most often we are dealing
with very low concentrations of all but the common light elements. Elemental
axp TUpD
‘ mlcro-analy51s by the SEM (ANSELEQ 1969) (RUSS, 1971) should be studied with
' the same attention to questions of sensltivity (elemental concentration which
can be measured), matrix interferemce, specimen geometry aﬁd counting statistics
that would be necissary before applying the electron mi croprobe (BROWNS et al.
1971) (GARDNERj??ﬂﬂJ, 1969) or x-ray fluorescence techniques to the problem.
The ability to form an SEM (or microprobe) image using the characterist-
ic x-ray- signal is also available and ‘offers an additional way that the observ-
ler can understand the relatlonshlp of the chemical elements within the specimen
-(RUSS, l9"(l_);.,€TOUSlZM:[S, 1969). |

b) Auger Spectra

Energies of the Auger electrons ejected from the specimen are also charac-
teristic of the elemental compos1t10n but the Auger yield for the light elements
(2<Z<15) is hlgh compared to the characterlstlc X- ray emission in this- reglon A
'_(MAC DONALD 1971). An analyS1s of the Auger spectra also élves an 1nd1catlon
of the dlscrete location of the element belOW'ﬂE surface of the specimen. The
short .range. of the Auger_electron compared to the corresponding characteristic
x—ray allows depth analysis by Auger electron spectroscopy in the 1 to 10 E‘

' range. This very short range also means that the volume analyzed is very mich
E smaller than the volume analyzed by characteristic x-ray techniques. This could
be of considerable 1mportance to the biological 1nvest1gator if certain elements

ex1st in reasonably hlgh concentrations ohly in very’ small domains.

c) Cathodoluminescence Bnalysis

Certain materials will emit visible light when bombarded with electrons.

This cathodoluminescence can be counted and used as the information signal in
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the SEM. This mode of operation provides information concerning the chemical compo-

sition of the specimen at a more complex level than elemental analysis. Cathodolum-
: /

_inescence is more related to the molecular and solid-state properties of the specimen.

-It would be of great advantage in biological research to use a variety of specif-
=!
ic cathodoluminescent stains to locate these chemical entities but, {although some
gl L 7ET7
work in this direction has been partially successful (PFASE & HAYES, 1966}, the

problems of photon yield, poisoning of the stain and electron radiation damage remain
@MS\#QFQL

a considerable obstacle (PEASE, 1967).

d} Energy-loss $pectra

As electrons pass through a thin specimen in the scanning transmission mode of
operation, they lose energy in a way that is characteristic of the composition of the
specimen. If the energy loss peaks are analyzed, a great deal of useful informétion

can be extracted, some of which corresponds to the information contained in the an-

. alysis of several of the excitation modes. Crewe and co-workers have developed tech-

niques of energy loss spectroscopy (CREWE, @é=e®., 1966) and combined them with
very high resolution scanning transmission microscopy to produce. chemical contrast

in images and quantitative data describing composition (CREWE% et al., l97Q%g£CREWE,

‘ 1971). The ability to utilize more of the in-elésticallyAscattered electrons as

well as elastically scattered electrons improves the imagé characteristics of this

scanning transmission system as compared to conventional electron microscopy. Such
: oAk

advantage may also allow the examination of thick sections (SWIFT % BROWN, 1970) at

very:much lower accelerating potential than the ultra high voltage conventional elec-

" . tron microscopes used for this purpose.

3. Electrical Properties and €harging

One of the earliest and most prominent areas of application of the SEM}L

- is the. study of the electrical properties of inorganic materials and electronic

“circuits. The net number of electrons gained by the spécimen (specimen current)

ory.more commonly, the changes produced in a current flowipg in the specimen

(induced specimen current) is used as the video signal for the scanning
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electron micrograph (EVERHARTj>e£ al., 19645;1EVERHART, 1966). Direct éppli;
cations of these modes of operation to biolegical sampleé has been small but
the electrical properties of the specimen and theif interaction with the
electron beam is of considerable importance to biologists as it affects the
artifact of charging (PAWLEY, 1972) {EVERHART, 1970)’ ¥BOYDE, 19T71). This
commonly encountered artifact canjzhly be properly recognlzed 1f the observer
is aware of the factors that influence secondary.pnd backscattered electron

|

. . . ’ i .
emission, collection efficiency and surface potentlal.

II. Experiential or %ubJectlveZInformatlon Broce531ng

EEIAC NS R g

In addition to its capabilities as an analyﬁ;cal tool, the SEM has some
. 1
i
obvious advantages in presenting information -that ¢an be experienced directly.

1. Models of Bercepp;eqﬂ

If we'are to construct instrumentation that cén extend our senses, it is
useful to consider some models of visual pefception %hat might be applied to
.the micrescopic world under investigation. Arnheim ﬁés suggested three models
of‘perceptlon based on an interpretation of the relatlonshlp between an object
and its env1ronment (ARNHETM, 1969): (ﬁ) The first mode of perceptlon does
not distinguish between the preperties associated with the object and those
proéerties contributed by}the environment. Iﬁ caﬁ be represented by the camera
or "peep-hole” éppreach. Each small unit of the image is considered independ-
-ently of its suf:oundings and no distinction is attempted between essential
characteristics and accidental attributes. 1In such agperceptive attitude,. the

principal criteria is fidelity between image and object. (;) The second model

of perception suggested by Arnheim might‘be characterized as the absolute sci-

entific approach.  In such an approach the object is stripped of all "non-
essential" properties-and only the abstracted values relating to & predeteniiried
essence of the object are considered. This kind of approach has shown itself

to be very valuable as a scientific technique where the action of the envir-
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onmenﬁ.may be cbnsidered aé artifactual .and influeﬁcing the image: in a dis-
tortive wéy. j%) The third model of perception usesjthe environﬁent to re-
veal properties of the‘specimen that are not feadily apparent in any one
statiC~envifonment. In art, this model might be represented by.the Impression—'
ist schooi of painting. Environmental factors:such as lighting are observed
under changing conditions in order that thevqualities of the object are more
ciearly revealed. Ehvirohment becomgs a tool for the sﬁudy of the bbject.

. At various levels the invarian;g to certain transformations reflect funda-
'mental,charactefistics of the specimen that would not be apparent under static

- nonvariant conditions. |

Iﬁsfead of treating all artifacts or deformations as negative or unproduc-

tive, we.might bé able to utilize these same féctors as an additional way_of o
probing-for‘the characteristiés of the specimen.

2. Limits of Bnalytical Information Processing.

T e AL A & ) mmrt, ra

The.fransfer of information'by visual pathways is not limited to analytic
processes; an artist through his painting transfers large amounts of information
‘about himself and'his view of the world by methods thch often resist the an-
alytic process. Many of the same techniques thét have been éo successful
in visual art COuldqu attempted in viewing the micfoécopélworld if instru-
mentation techniques céul@ be developed'which allows the individual observér
to‘contact the specimen through channels which are similar to the ways in which
he views his own environment. |
-/,wy"‘—-a;ten the kindé of things that we learn.through suéh subjective interaction
i are not easy to descfibe. Qur understanding of fhe object viewed seems %5 be

increased in>a general way but spécific étatements about the type of learning'

. which we have experienced are difficult to make. About all we can say is that

it seems to be valuable to be open to the possibilities of subjective, experien-
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'tial contact and to be free to make use of feelings and ideas that such contact
may inspire.

The,analytic)objective approach has protected the observer from unrecog-
nized artifact, image aBerrations, misleading display modes and bersonal bias.
But it has also been restrietive in that objectivity and analysis tend to re-
meve the observer as a person from the investigaﬁion (KIERKEGAARD, 1848) ana
in his place substitute a very limited system of ideas.

‘ .

3. P0531b111t1es of Gbmplementary Subjective and hnalytlc

I i 12 e R I VN NN 1 LA ATy PR Gt LT DR Y Y i,
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.,lnvestlgatlons
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| i
It would seem useful for the observer to be eble toZmove comfortably be- .

: . o .

tween the objective and subjective methods. An over-strict adherence}to objec-
o [

tivity can be severely - limiting to the general understanding and appreciation

of the specimen. On the other hand, an over indulgépce in subjectivity leave
the observer adrift in a sea of‘emotions. ' K
-
'/it'is true that a scanning electron microscopis% may . be overly impressed
wiﬁh simply "pretty. pictures" but there is an equal dénger that our respect

H

for ‘beauty as . a powerful and fespectable criterion infour-search qu methods

S S
of transferring iﬁformation'may be seriously weakene@ if we pay too much attentiam:
tp the cries for objectivity heard so often. Perhaps it is not neceseary to
eheose befween artistic methods and scientific methodé; between subjective

and objective approaches (HAYES 19'697) KHAYES,. 1971 X[({-LA-Y‘ES,— 1971, ). If we

can operate with an obJect1v1ty which is free of. personal blas and also’ apply

P I

. a subJect1v1ty which is 1ndependent and unafraid of the cr1t1c1sm of our
peers, we can bring to the attack on the problem not only the best of our systems,

but the best of ourselves. -

T~
W

G. Conclusion
S it A YRS ATV

iy

7T would like to pose some questions that might face the biblogical seci-
entist as he considers the possibilities for scanning electron microscopy: in

Questlons Regerdlng a Scannlng Electron Mlcroscope Program for

ey B e e B e e e P s RN

B;ologlcal Study
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his own field.

1. Is the SEM Qeally Hecessaryijj;ois question can only be
answered after carefully considering both the kinds of information thst are
required from the microscope system and also the possible alternative systems
which are available; Often the technique of replication (either directly
from the specimen or after freeze-etching procedures) would be the alternative
of choice (KOEHLER, 196&)’; LSTEERE, l969a,};;(“ST.EERE, 1971b). The increased res-
olution'(STEERE, 19Tia) and the ability to provide a method for reaohing
deeper-lying structures while still preserving the integrity of the biological

3 : .
system (KOEHLER, 196’(_)’(;_£‘STEERE, 1969b) makes this technique very attractive.
One .should also keep in mind ﬁhat by using careful microscopic tech-
niques which utilize visible light radiation, a great deal of information can
be obtainedAat resolutions which often are quite adequate for the particular
‘systeﬁ under investigation. Differential interference microscopy~(Nomarski)
(ALLEN? et al., 1969) and the procedures of phase microscopy may result in a
. \
satisfactory acquisition of the needed information (KAYDEN‘& BESSIS l970)ﬂ£BAJER&gy
ALIEN, 1966) from the specimen w1thout the very significant capital outlay assoc-
iated with scanning electron microscopy.. In addition, the particular advantages
in terms of . a hydreted systemvand the interaction of visible light with matter
' may, in factj%gig}the lighf microscope-ab;e to cover areas not available to SEM.
Before resorting to scanning electron microscopy, a rather clear decision is

necessary that the particular needs of the experiment cannot be met through

the use of the more traditional forms of microscopy (KOEHLER, 1971).

atan.

2. "WhichLlnstrumenfi/—éeveral commercial brands and sizes
of scanning electron microscopes are now available and each manufacturer has
several models or accessory packages. Each of these instruments offers certain

unique features and the selection of a particular brand requires generally a



-Sh-

rather close contact with the actual'operating instrument. It is most often
necessary for the investigator to observe his own sample material in several'
of the instruments in order to‘try to appreciate which instrument will be

best for particular use. The kind of sanmple that will be used, the number of
different operators that may use the microscope, the facilities for maintenance

and repair that are available to the prospective buyer all must be considered

when selecting an instrument. Special stage requirements, a variety of signal
‘ : A

collection systems (X-ray, cathodoluminescence, %tc.), TV scan rate, are also
often oflprime importance to particular investigations.

| In addition to primary scanning electron miéroscopes, there are also
electron microscopes which can operate in both the conventional and the
scanning modes. Such instrumentation, particulariy with respect to scanning

\

transmission operation (SWI;;:h "GROWN, 1970), can be quite effective and offer
(after a moderate amount of modification), the capahility of high resolution

conventional electron microscopy coupled with a useéul flexibility in terms
of both secondary electron image and the transmitteé eléctron signal.

. The choice of instruments is not a simple one and requires that the
investigator visit the demonstration facilitiesAof:several manufacturers; carry-
~ing with him-his‘own sample and even preferably.operating the instrument him-
self. It is only‘byimaking such a thorough investigation that the advantage

of the different instruments to any one program can be accurately determined

( B L

3. What Buxilliary gﬁuipment E&ght be heeded~J’&early all

SEM investigations are greatly enriched by a broad correlative study in other
disciplines (FORRESTERja et al., 1969];)’ {LEWIS, 1971) In particular, light
microscope and conventional electron microscope facilities provide 1nformat10n

which makes the scanning electron micrograph very much more useful (KOEHIER & oAMi-

oo\
HAYES, 1969 /7( ﬂ{om & HAYES 1969bT AMC DONALD ¥ HAYES, 1969) {MC ALLISTER & Ganck
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HADEK, 1970). An SEM isolated from these facilities, particularly in biological
research, would be difficult to use to its full potential. The addition of
multiple microscope techniques yields a final output which is considerably
greater than the eum of its parts and close cooperetion between light micro-
scopists, conventional electron microscopisﬁsand scanning electron microscope
im}estigators (GEISSINGER, 1971}{: (MC ALEAR,S et al., 1967)’_. AMC CALLISTER & Sunok
HADEK, 1970) is very desirable.

There are also several units of auxilliary SEM equipment that are generally

useful: %} A binocular, stereoscopic light microscope. The SEM is often used

as an extension of a dissecting or stereoseopic light microscope and the
scanning facility should include the very best instrument of this type. The
advantages ip terms of orienting the observer to the specimen by means of this
microscope's relatively large field of vieﬁ and its use in.the preparation

~and mounting of specimens justifies the acquieition of an excellent light

microscope of this type. %} Freeze-dryer. Freeze-drying is probably the
most often utilized method of removing the water from biological tissues with a
minimum of artifact. The freeze-dryer utilized should have moriitoring and con-

trol of both temperature and vacuum systems and should dry the sample with a

minimim of centamiﬁatien. %) Critical-point dryer. Critical-point drying
represents an excellent alternative method of water removal and drying by this.
technique is a vefy valuable cﬁeck on freezing'arfifacts possibly introduced
during freeze-drying. 'A'critical-point dryer that is capable of.utilizing either
carbon dioxide or the freons as the tiansition fluid is desirable. %) Vacuum
.evaporator. The vacuum evaporator is utilized as phe common method of placing

a conducting layer on the sample. Considerations of minimum contamination are
important and the ability to rotate (and possibly tilt) the sample is necessary

if a uniform conducting layer is to be achieved. It is often necessary to
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evaporate several different kinds of material without breaking the vacuum

and therefore multiple electrodes are desirable. 5) Stereo viewer. An
optical stereo viewer placed near the microscope allows the operator to
view stereo-pairs conveniently and has become a very much used part of the

SEM laboratory equipment. The viewer..should Qé flexible enough to provide

comfortable viewing for different operators. é} Signal monitdr oscilloscope.

The monitoring of the video signal and the meagprement of the final light produc-
‘ i
tion on the display cathode ray tube is very va}uable in the recording of
1

images and in trouble shooting the microscope. EIt is generally worthwhile

to establish a permanent signal monitoring facilﬁty with sufficient capa-
. " i

_ . . i o
bilities to carry out both of these functions effectively. T} TV tape

‘recorder. For ény dynamic study, it is necessary that the information be

stored for réview and analysis on video tape. Thégvideo tape recorder need
not be elaborate and a vafiety of suitable models ére‘on thg market.-\if
other video facilities are neaf by, the question o%.compatibility between
video recorders might be a bonsideration. _ ;

. ,
. Prospects for the Future.

OB N Y FREN

Imaging in the secbndary.electron mode as an aid to recognition of shape
.and stfucture will probably remain the central use of‘the instrument. The
resolution iq this mode bas improved with the addition of high intensity
© guns and further improvement can be expected at least for Specialized mpdes
of operation such as scanning transmission. The X-ray éhd‘cathodolumiﬁéécent
.modes have been less well explored in terms of biological applications and their
use in an histochemical analysis wili becoﬁe more gommon in the future.
It would seem that the smaller specialized iﬁstruments available at lower
cost will préve valuable in mdny apsects of biological research. Small;scanning

electron microscopes can now be designed in a cost range comparable to a
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_conventional electron microscope and a veryblimited scanning system might
be constructed in thé future for a price comparable to that of a good light
micrdscope. ASuch'simple systems, of course,.would necessarily be limited
“ in their performahce, but it may be found.that the operations that they can
perform afe the ones needed in many biological investigations. If this provés
to be the case, we might find that scanning systems can be located in indi-
vidual biological laboratories rather than in a central facility, and that they.
can be available to the individuél in&estigator in a way similar to the light
‘microscope.

‘We musﬁ_resist the temptation to say that a new instrument is automatically
a better instrument. The uses of thé SEM in biology are relatively specific
and narrbw as coﬁpared fo the light microscope or even the conventional elec-
tron microscopé. However, it seems” that already the position of scanning
electron micréscopy; as a useful additional tool for the investigation of

biological structure, is assured.
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H. Appendices e e s e P

I. Optical ﬁlds for the VleW1ng of Vertlcally ﬁounted étereo-éalrs

s LR T A

1. ZLucite zrismg >

-------- —

R R

—

<<K small prism can be held in front of one eye in order to deflect the image
of one of the stereo-pairs making this image coincide with the image of the
second member of the stereo-pair which is vieued directly with the other eye.
The amount of deflection'is controlled by adjusting the distance between the

page of the book and the prism. Problems of convérgence, inter-ocular distance

and picture size are reduced by utilizing vertical rather than horiiontal mount -

of the stereo-pairs.

te
When the prlsmﬂplcturedlstance is properly adjusted the observer will.

see three images: & monocular image above and below the coincident stereo-

scopic image whlch is in the center. a
The prism can be constructed by cutting a wedg; of iucite of about 250 pitch

and faces of perhaps 2" 2", The faces are then poylshed until a satisfactory

clarity is obtained. Such a prlsm Wlll provide the approprlate deflection when

I
held approximately 12 inches from the page of the book. We have found 1t con-

venlent ‘to hold the prism about o" in front of the rlght eye with the apex -

'p01nt1ng towards the observer, and the bottom surface parallel to the plane of

the book.
5 < S £
2. Microscope Sllde — fgorn fsvruo brisme $

P — 3 o e ../

e T et e

[’K simple and rnexpens1ve prism can be constructed us1ng standard 1" x 3" light
microscope slides to form the wedge and llquld corn syrup as the refracting ma- .
terial. The long edges of two‘slides are heldAtightly together and placed on
the center section of 'a 55" strip of 3 A" wide adhesive tape. The tape will stick
to the bottom edges of the slides and can be pickedxup and pressed against the
outerifaces of the slides; sealing the long bottom edge. The top edges of the

slides are now separated to a position & little less than %" apart forming an.

e e
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open wedge; Holding the slides in this position the strip of tape:is brought
up the ends of the wedge;. The tape noﬁ'forms the'end covers of the wedge.

The wedge is now filled with cleér corn syrup (Karo, light) and the top
is seaied with a second strip of 1" adhesive: tape.

' Such 1liquid prisms tend to be self-sealing as the corn syrup might be
exposed ‘to air énd'the prismé retain good optical properties over many months
" time with no appreciable leaking or dryingﬂ

The finished prism is held about 2" in front of the right eye with the
apex pointing down and the.distance from prism to page is adjusted until co;
incidence of the left and right eye image occurs (see above). |

3. L. A. Mggﬂhﬁim has reported that two small plastic prisms

have been incorporatéd into a bair of glasses suitable for commercial manu--
chture(MANNHEIM, 1971). The price of these glasses would be in the range of
$3.004to $6.00 and they are the product of Stereo Vertrieb Nesch, LI Munster,
Ensghedewey 78; West Germany. .

| L, Two small mirroré(purse mirrors) can also be used to accom-
‘plish the vertical image displacement. In contrast to the single prism meth-
od; two mirrors are necessary, one for each eye, in 6rder to prevent one eye
-'Seeing'a mirror image.and the other a direct image. The'two mirrors are held
‘against the ¢y ebr cws at a 45 nglc so that the observer locks straight zhead .
dnd sees the page of the book directly beneathlthe mirrofs; The mirrors are
now rotated sllghtly produ01ng vertlcal displacement of one member of the
stereo -pair w1th respect to the other until the 1mage for the left eye and the

image for the right eye c01nc1de»to give a stereoscopic dlsplay.

./'
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II, Projection of ﬁtereo gglrs by Means of a Quperlmposed 6olor-6bded
i ‘ln.

'{ransparency ( Rt lantern sllde, standard projector and screen)

Nk Nemanic, University of California, Berkeley
- ‘ _ Ve,
;IT<_9riginal Hicrographs. Take normal black and whites on #4107

ey

Polaroid film with 7° of tilt between the pair.
,y”' a) focus using the z-axis control
,”' ' b) center the same area in both micrographs.

H

fﬁf Framing for &uperposition. Use a Polaroid MP-3 Industrial

oy
- '

Viewer, a graflex 120 roll film back and a framing table.
Va): place the.black and white print in the framing table;
\\ ‘ —————— e centér the micrograph by viewihg through the camera iens;
N\ . w——— enlarge the image to fill the format of the roll film back,

b) place Ectacolor or Ektachrome color film in the back.

ped ‘ -
{3. Color €oding of the %;o éﬁperimposed g;ages.

ey

| "a) use Wratten 25a (red) and 58 (green) gelatin filters;

~ b) exposure settings:

Speed £

Ectacolor Type S (ASA 100). Green: 1/2 7
(for negative slides) Red: ~1/8 5.6
'High Speed Ektachrome - Green: 1/2 5.6
A 160) o
(A Red:  1/8 8

(for positive slides)

c) standardize the use of red or green for the.lower angle
—_— nﬁcrograph;

d) expose the first micrograph of the stereo-pair ﬁith the
e A appropriéte filter over the lens (hand-held);

e) place the second micrograph of the pair in the same
T frame as the first without'édvancing film; set speed and

~—_ shutter opening for the new filter; expose, producing
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umm»m_m_%hmAdouble exposed superposition and then advance the

film for the next pair.

A s

L. Processing and Hounting.

a) standard color processing is carried out by the photo-
T ————w- lab or by a commercial camera shopf

b) the developed film is mounted between lantern slide

SR glass in the usual way;g

i

5. Viewing.a \

!

a) red and green acetate,fo&nd in an art supplies store,can
. 1 : .

_ < I
T e be used to make simple viewers for large groups of people.

i .
Two thicknesses of green and three of red approximate the

U !

color and optical density of filters used to make the

color composité. Small sqﬁgresAare held in front of
A A . e

each eye while viewing the brojectionf

A Gt v ey O Y . ‘ :

b) instruct viewers as to the c%rrect color filter for right

e and left'eye, depending on cénvehtion adapted in 3(c)

1

. : i
above. . o
i

!

i et e P . memEmALT e
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FIGURE CAPTIONS

Fig. 1. Inforr\:naat\ion: coiiing_. The amount of information transferred by an |
image can depend on qﬁalities other than resblution. Two images of an iden-
tical, ﬁearly random, alphabet sequence are shoxzm at the same' resolution.
The_ ability to perceive the message in the 1owe1l't image depends more on gqual-

ities such as contrast and tone than on any para}neter related to resolution
or detail £
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Fig. 2. Stereoscopic, v1ew1ng By adding the code of binocular depth and
AN NN o \-\, .

shape perception to the shading and overlap codes usually seen with sihgle

séanning'electron.ﬁicrographs, an enhancement of subjéctive contact as well
as resolution of analytic ambiguities can be achieved. These two stereo-pairs
(X 300) represent two views df a two-hundred mesh wéven metal grid used in
the préparation of electron microscope samples. There are approximately two
hundred ﬁireé to the inch. Our understanding of the system is enhahced by

~ the addition of the stereosqopic‘imaging which is added to an already vivid
characterization by means of the_shading contrast seen in individual members
of the pair_of pictures.

_ In order to aid in the viewing of stereo-pairs presented in this chapter
it is suggested that the reader construct a small, inexpensive prism (see
Appendixuﬁa3. ‘The pair oprictures as viewed through the prism with the right
eye will be displaced vertically downﬁard as compared to the5image viewed simul-
taneouély_by the left éyé which looks at the picture directly without any op-
ticél device. By changing the distance between the prism.and the page, the
plcture 1ntended for the rlght eye (R) will merge with that for the left (the

"R" will overlap the "L") allowing assimilation of stereoscopic information.
A hon-stéreoscopic'image'for comparison will be seen above and below the center,

'superimposed image when the page is viewed in this way P



¢

Fig. 3. Biological organization in depth. Stereo-pairs (X 1100) showing the

: NN ST S N N N (Spencer, et af) . :
growth of organisms on a soft contact lens.A When viewed stereoscopically, the
organism (Aspergillus fumagatus) exists as strands reaching high off the sur-
face of the’lens material. .Note that strands on . the surface (s) can be dis-

tinguished from strands (h) high above the surface. Also note nearly vertical

post (p) difficult to recognize in single picture/i



" electron microscope. Figs. gc (X 12,000) and #d (X 12,000) show mitochondria

&3

Fig.}ﬁi Sectioned material. Thick sectioned material prepared for lighf
' . ~I o~ 3 NN .

microscopy can occasionally be a useful subject for scanning electron micro-
scopy. Such material can be comparéd directly in the two instruments, and
information gained through the interaction of'visible light with specific
parts of the specimen can Be used té make identification of the scanning elec-
tron micrograph morphoiogy more certain. .Fig. $Fa (X 1,000) showé a section
of heart musclé photographed utilizing polarized light that allows the
birefringent areas associated with'the muscle striations to be identified{

Fig. g; (X 3,000) shows the same section in the scanning electron microscope

and identification of individual bands can be made by assigning specific

landmark points to the two micrographs.” ‘In this fashion it can be shown that
the ridges seen on the surface of the myofibril in the scanning electron mi—
croscope image are assoéiated,with the isotfopic regions of the myofibril, thus
they cross thé myofibril at the level of the Z band and éorrespond to the

positidn of the transverse T tubule system as described in the conventional

within rabbit heart muscle cells. The material was paraffin embedded and

sectioned for light micéroscope examination prior to clearing and viewing in

the scanning electron microscope.‘ The.mitochondriaican be seen as closely packed

bunches of oblong particles (m), lying between longitudinal fibrils (closed

‘arrow). Occasionally, there is an indication of a mitochondrion that has

been'cut‘open to reveal the internal cristae structures (3 opén arrows)é{

L Ngae -~
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Fig.jﬁi Stapdard sgefimens and‘grying ag?ifécﬁs( Pfecious opal can be
utilized as a convenient standard~for the assessment of resolution and
stability of the scanning electron microscope. In addition to the array of
spherical units visible ét‘a moderate degree of magnification, (Fig.‘g;, X
19,000 a very fine internal structure associaﬁed Vith each individual sphere
can bé seen at higher magnifications (Fig. 4b, X 55,000). The spherical
particles also offer a very useful geometry for the correction of astigmatism
(see also Fig. §).

The effects of air drying as compared to freeze drying can be seen in the
lower paif of photoéraphs‘(X 21,000)_s€gying the corneal epithelium.of the
rabbit (MATAS A et al., 1971). 1In Fig. ?ﬁc the microvilli are quite well pre-4

- served following freeze-drying, while in Fig. &d the surface has been greatly

- flattened and detail has been lost following the air drying process,?



: _ T. Pawley)
- RIS o 7% . o
Fig. &. Charging artifact.NFig. géb (X 100) is a stereo-pair showing the
R ~< <C : <

micro-stub used for holding specimens at a fixed potential. Again, a prism
can be used to superimpose "R" (right eye) with "L" (left eye) for stereo
viewing. The small'stub is electrically isolated and can be set at a poten-
.tial different from that pf the surrounding surface. In this way, many of
fhe charging értifacts can be produced under cbntrolled conditions. Fig. é;
(X.300)vshows a émall‘frégment of the wing of the flour beetle (Tribolium‘
confusum) attached to the miéro-stub and Fig. ég (x l0,000) illustrates the
setae (bristles) on this wing as the speéimen-is held at a potential of minus
90 volts. Binocular addition bf grey levels can also be illustrated by
simultaneoﬁsly vstereo viewing the bright (é;) and dark (gé) band at the

top of the pairA
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Flg.lﬁf' Spec1m§n current and JTesQlution. Specimen current is an important
SR
parameter determining, in part, the available resolution of the SEM image.

f‘

Figs. ;; (X 10,000) and @b (X 10,000) compare the resolution at spec1men cur-
rents of 1 x 10 lOamps and 0.7 x 10 lamps respectively. For maximum resolu-
tion, the specimen current muet be reduced tc the lowest value consistent with
a relatively ncise free image.

In order to determine some'of the quantitative results of variations in
specimen current, beam current, and collected secondary electron current, it
A | (T Rley)
can sometimes be useful to utilize a small stage mounted electromagnetfto de-
flect the beam direcply onto the scintillator. Characteristics of the raster are
mainteined quite well as shown by the imaging possibilities of such a deflected
' beam.‘ In Flg ac the sclntlllator (s) and surrounding collector shleld (e)
can be seen at a magnification of less than one, (X 0.5). 1In Fig. ?d (X 1)
~a detail of the stage mount can be recognized after deflection_of the beam by
~the stege-mounted magnet. ‘Calibration of the scintillator-photomultiplier can
be carried ouf by snch direct deflection of the-incident beam to the collector

-

after first measuring the beam current with g Faradey cup specimenyf
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Fig. sﬁ Astigmatism correction. Astigmatism in the scanning electron micro--
: " < = d . .

scope imageAis a common limitation to resolution. .The operator cah correct
this aberration by applying an astigmatism that is equal but opposite to
theiinherent'astigmaﬁism found in the instruﬁent at that time. A rectilinear
grid inscribed on a traqsparént plastic disk.ié placed ovgf the facevof the
display cathode ray tube and is rotated in ordér to-locaté énd mark the dir-

'ection of astigmatism during'the correction précedure. Astigmatism means ° -

~-that different directions focus at different points. We can see in Figs. ?a
3 : ' P . A

and §b that the images are smeared in one direcfion but sharp at 90 degrees -

{
1
1

to that direction and that the directions reverse betweén Fig. Fa (low focus)
and g% (high fdcus). If,wé attempﬁ to take an i%termediate focus position,
we find-thaf there is no position which will givé\good resolution. Fig. ;;
 represeﬁ£s an(attemétlat-a besf focus, non-correcégd image. Fig. ;a shows
the béneficial effect of astigmatism correction. vﬁdw all directions focus.
at the same point and the resolution of'the microgg?ph is considerably im-
proved (Fig.?a,- b, c',ld_)op'al}'all X 33,0’60))”3 j,,"'
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Fig,,5< Micromanipulation. A Fig.?§ demonstrates micromanipulation within
NN N N

- i

the column of the scanning electron microscope. TFig. Ba (X 40) shows two
independently controlled needles (nl, n2) in contact with the surface of

the small insect Tribolium confusum. The needles can operate as fine

microelectrodes for the controlled applicatidp of eiectridal potential and

can be quite useful for localized grounding o% nonconducting specimens.

Fig. §b (X 2,000) shows the ﬁore normal use oé one of the dissection needles
(nl) to separate tissue while it is being view%d in the scanning electron
ﬁicroscope. Thié picture wés made by photograghing the face of a TV scan.
rate dislplay' tube. The lower photographs (Fig.i gc X 10,000, ?a X-10,000)
illustrate twp complementary surfaces that were{obtained by.separating layers
of tiésuevfrom the stomach of the frﬁg. " Such csyplementary surfaces are
'somewﬁat analogous to thbse achiéved through ceréain freeze-etchiﬁg techniques.

i
‘ : 1

In Fig..gg (right), the small villi of the surface are represented as holes
Ve ?

. F . H
in the facing surface:& , j
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i
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Fig. 10. Geometric transformations. Projective or topologic transformations

= ~

must be aséessed with some'care in the interpretation of the imagés seen in
thc ccanning'electron microscope. Figs. 10a (X 3,700) and 10b (X 3,700) are
"ﬁnccrrected" images of spherical cells taken at 45 degree specimen tilt.
Figs. 10c and 10d are the corresponding "corrected" images after applying
commercially évailable electronic modificafion of the raster to téke intc
account the foreshortening of planar measurements taken at 45° tilt.

.Since the aspect presented‘in anyAscanning electron microscope image is
that of observation from the elecﬁron gunk (line of sight parallel to the
pfobing-beam), it is clear that the measurements on a tilted plane, as pro-
jected from this‘vicwpcint are, in.fact,'a simple function of the angle of
the tilt. However, ﬁhree dimensional objécts such as a spherical cell,
élthough resting on the tilting plane, may nct bé projected cccording fo this
same function. A sphere, for example, remains ciréular in projection regard-
less of the angle of tilt. .Thus, in tﬁese-pairs'cf images the circular uncor-
_rected image is accurate wcefeas.the eiectronic tilt correction has introduced
serlous dlstortlon into the image. The fact that the long axis of all partlcles
are in the direction of the tilt and that the axial ratlo can be calculated from
.the angle of tilt (on the assumption of sphcres.as true shapes) gives a strong
indication that the "corrected” iméges are_products of an artificial distortion.
"In any applicatioh of éeometriclfactprs, it is necessary that the proper.dimen-‘
sional qualities are considered if we aré to avoid spurious descriptions (1w

mark shown.)
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